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Adult neurogenesis is defined as the mechanism by which new neurons are generated in adult 
organisms and is widely conserved across many different species.  In mammalian systems, adult 
neurogenesis is mediated by the presence of neuronal stem cells. These stem cells lie in a 
neurogenic niche, divide asymmetrically (one daughter cell remains a stem cell [self-renewal], 
the other differentiates) and are multipotent. In the crayfish, Procambarus clarkii (Crustacea, 
Decapoda), 1st-generation neuronal precursors, functionally analogous to neuronal stem cells, 
also lie within bilateral neurogenic niches on the ventral surface of the brain. However, these 
precursors divide symmetrically, as both daughter cells leave the neurogenic niche, divide again, 
and their descendants differentiate. Nonetheless, the neuronal precursor population in the niche is 
never depleted, indicating there must be an extrinsic source that replenishes these cells. Recently, 
our lab proposed that the innate immune system is the source of 1st-generation neuronal 
precursors in the crayfish neurogenic niche. The innate immune system is composed of two main 
regions: the anterior proliferation center (APC) and the posterior hematopoietic tissue (HPT) 
located on the surface of the stomach. Here, we expand upon our current knowledge of the innate 
immune system and the interaction between the innate immune system and the neurogenic niche, 
with the ultimate objective of localizing the source tissue of the neuronal precursors. The over-
arching goal of this thesis is to gain further understanding of the contribution of the innate 
immune tissues to adult neurogenesis by performing timed studies using BrdU and examining 
the cell cycle times in the APC and HPT, as well as in vitro studies necessary for characterizing 
the morphology of cells that are attracted to the niche and that transform into neuronal 
precursors.    
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History of Adult Neurogenesis 
In 1965, Altman and Das reported an increase in the number of “undifferentiated” cells in 
the granule layer of the dentate gyrus in the adult rat brain, which was then immediately 
followed by a “six-fold increase” in the number of differentiated granule cells. They 
hypothesized that undifferentiated cells near the ventricles migrated to the hippocampus where 
they matured and differentiated (Altman & Das, 1965).  This spawned the first paper on the 
possible presence of immature cells in the adult brain that could mature into adult neurons. The 
field based on adult neurogenesis was born. Nonetheless, it took decades before the broad 
applicability and importance of adult neurogenesis were appreciated. First, the question arose as 
to why, in the case of injury, did the brain not repair itself? Second, where exactly are these 
newly born neurons coming from? Last, since many of the early experiments were done in 
songbirds and rodents, does this process occur in primates and humans?  Though some of those 
questions still remain unanswered, adult neurogenesis is considered to be a widely conserved 
process, occurring in animals ranging from Drosophila to humans (Eriksson et al., 1998; 
Siegrist, Haque, Chen, Hay, & Hariharan, 2010).  
In 1989, the answer to one of these questions emerged. The existence of multipotent 
cells, later termed “neural stem cells,” was described in the embryonic mammalian brain 
(Temple, 1989). Later, the stem cells themselves were isolated from the subventricular zone, one 
of the two neurogenic regions in the adult mammalian brain, and after differentiation, the 
neurons derived from these cells expressed the neurotransmitter GABA (Reynolds & Weiss, 
1992).  These neural stem cells divide asymmetrically, meaning that after a stem cell divides, one 
cell retains the stem cell identity, while the other goes on to become a neuronal precursor (Figure 
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1). Thus, stem cells were termed to be “self-renewing”, meaning that they are able to make more 
of themselves (Suh et al., 2007).  
Figure 1. Adult neurogenesis and self-
renewal in mammalian systems. The current 
understanding of the replenishment of the 
neural stem cell population is through self-
renewal. When neural stem cells divide, one 
daughter cell remains a stem cell while the 
other becomes a neural progenitor. More than 
half of the neural progenitors die. The others 
migrate away and differentiate into mature 






The existence of neural stem cells provided some clarity as to where the new neurons 
were coming from and reinforced Altman and Das’ hypothesis about adult neurogenesis. 
However, the general applicability of these findings came into question. Does this process only 
occur in rodents or does it occur in primates, as well?  
A renowned scientist, Pasko Rakic, claimed that adult neurogenesis was a process limited 
to lower animals (Rakic, 1985). Rakic’s theory was proven wrong when, in 1998, Eriksson et al. 
showed that adult neurogenesis also occurs in humans. This study utilized 5-bromo-2’-
deoxyuridine (BrdU) labeling, which is incorporated into cells in the S phase of the cell cycle, to 
identify newly generated cells in the brains of cancer patients.  Posthumously, they found cells 
double-labeled with BrdU and the mature neuron marker neuron specific enolase (NSE), 
suggesting that new cells were born in the adult human brain that was able to integrate and 
become neurons (Eriksson et al., 1998). Since this study and many others supporting this work, 
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adult neurogenesis has become its own field. Dysfunctions in adult neurogenesis have been 
linked to certain disorders such as epilepsy and clinical depression (Jacobs, van Praag, & Gage, 
2000; Parent, 2007). Therefore, the ever-growing field of adult neurogenesis makes this topic an 
important and interesting one to pursue.  
 
Adult Neurogenesis in the Crayfish, Procambarus clarkii 
 
Adult neurogenesis in the crayfish, Procambarus clarkii, occurs in a bilaterally occurring 
neurogenic niche on the ventral surface of the crayfish brain (Figure 2A). The neurogenic niche 
houses 1st-generation neuronal precursors that are functionally analogous to neuronal stem cells 
in mammals, which divide and their daughters migrate along the migratory streams leading to 
neuronal clusters in the brain. In these clusters, the neuronal precursors divide further in the 
proliferation zones and go on to migrate and integrate into interneuronal cell clusters 9 and 10 
(Appendix A). The neurons in these clusters project to the olfactory and accessory lobes, regions 
with functions paralleling the olfactory bulb and higher order processing centers, respectively, in 
mammals (Reviewed in: Beltz, Zhang, Benton, & Sandeman, 2011). This process occurs 
throughout the organism’s lifetime (Harzsch, Miller, Benton, & Beltz, 1999).  
Figure 2. Adult neurogenesis in the 
crayfish, Procambarus clarkii. (A) 
Bilaterally-occurring neurogenic niche 
structure in crayfish. Glutamine synthetase 
(GS) immunocyotchemical labeling of niche 
cells (blue); BrdU labeled cells are neuronal 
precursors (green) and propidium iodide (PI), 
a nucleic acid marker, labels the nucleus 
(red). (B) After division, sister cells migrate 
in pairs towards the clusters in the stream 
(labeling key in optical separations at top of 
B). (C) Pulse-chase experiment involving 
BrdU and EdU showed that neuronal 
precursors in the crayfish do not self renew. 
Scale Bars: A=100 !m. B=20 !m; inset=10 
!m. C, Left=100 !m, Right = 50 !m. 
(Benton et al., 2011) .  
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Unlike adult neurogenesis as currently understood in mammalian systems, neuronal 
precursors in the crayfish are not self-renewing (Benton et al., 2011). Pulse-chase experiments 
were performed in which an injection of the thymidine analogue BrdU was followed 3-7 days 
later with the injection of another thymidine analogue, 5-ethynyl-2´-deoxyuridine (EdU). The 
results showed that BrdU-labeled cells were not retained in the neurogenic niche, but rather that 
labeled cells (the daughters of 1st-generation cells in the niche) migrated away from the niche 
into the streams, while EdU-labeled cells were found in the niche, demonstrating that 1st-
generation neuronal precursors are not self-renewing (Figure 2C). In addition, it has been shown 
that after division, the sister cells migrate away from the niche in pairs (Figure 2B) (Zhang, 
Allodi, Sandeman, & Beltz, 2009). However, though cells continue to leave the neurogenic 
niche, this region is never depleted of neuronal precursors throughout the organism’s long life. 
Therefore, it was proposed that a source extrinsic to the niche supplies the neuronal precursors.  
 Evidence in adult crayfish suggests that the 1st generation neuronal precursors are 
supplied by the innate immune system. In vitro experiments have shown that hemocytes, and not 
other cell types, are attracted to the niche (Benton et al., 2011). In addition, in a series of 
adoptive transfers, blood cells (hemocytes) were tagged with EdU in a donor crayfish and 
injected into recipients that had never been exposed to EdU. The recipient crayfish were then 
sacrificed and the labeled cells were visualized (Figure 3). Some of the injected cells were 
integrated into the niche, traversed the migratory streams to cell cluster 9 and 10, and expressed 
neuropeptides in their cell bodies that are characteristic of neurons in those cell clusters (Benton 




Figure 3. Cells from the Immune System are 
capable of becoming neuronal precursors. 
Cells in the hemolymph were exposed to a 
thymidine analogue, (EdU, incorporated during 
S phase) in a donor crayfish. These cells were 
transferred from the donor crayfish into a 
recipient crayfish (Ai) Hoechst labeling (nuclear 
label) shows the neurogenic niche in the 
crayfish (Aii) EdU+ cells are found within the 
neurogenic niche three days post transfer. (Aiii) 
Merged image of Ai and Aii. Scale bar = 40 µm. 
(B) 5 days after transfer, cells migrate towards 
the proliferation centers through the stream. 
Scale bar represents 40 µm. (C) 10 days after 
transfer, cells are on the edge of the migratory 
stream going towards the zone of integration (cl 
10). Tyrosinated tubulin was utilized to outline 
the migratory stream. Scale bar represents 30 
µm. (D) 7 weeks after transfer, cells were seen 
to express the neuropeptides orcokinin and (E) 
SIFamide. Scale bar represents 10 µm. (Benton 





Adult Neurogenesis and the Immune System 
 The contribution of neuronal precursors by the immune system to adult neurogenesis in 
the crayfish suggests the possibility of a similar mechanism in mammalian systems, as well.  
However, the concept that the immune system, which originates from the mesodermal germ 
layer, is able to contribute to the brain, which originates from ectodermal tissue, is controversial  
(reviewed in: Mezey, 2005). This concept, termed “transdifferentiation” made waves in the late 
1990s and early 2000s when researchers found that certain bone marrow cells were able to 
generate muscle cells, and that liver cells and neural stem cells were able to transform into 
hematopoietic cells (Bjornson, Rietze, Reynolds, Magli, & Vescovi, 1999; Ferrari et al., 1998; 
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Petersen et al., 1999). Transdifferentiation has huge translational implications, perhaps 
suggesting that progenitors from a different source tissue inside the individual could be 
transplanted, migrate to an injury site and stimulate recovery, without any worries of rejection. 
However, different groups found an explanation to the transdifferentiation phenomenon that no 
one predicted: cell fusion (Terada et al., 2002; Wells, 2002). They found that after 
transplantation of the bone marrow cells or neural stem cells, these cells would fuse with a cell in 
the recipient tissue population, acquiring the properties of that cell. The techniques used to 
identify the recipient cells would not have been able to determine whether these cells 
transformed into a completely different somatic cell type or whether it just acquired the 
properties of that cell type (reviewed in: Wurmser & Gage, 2002) 
Nonetheless, the evidence supporting transdifferentiation is too overwhelming to be 
ignored. In an experiment done by the Mezey Lab in 1997, labeled hematopoietic precursors 
were injected into a tail-vein of a mouse. The hematopoietic precursors migrated to the brain 14 
days post transplantation. The number of labeled cells increased to 14,000 cells per brain over 
the course of three months and labeled immunocytochemically for glial fibrillary acidic protein 
(GFAP), a marker of stem cells committed to the neural and glial fate (Eglitis & Mezey, 1997).  
 In addition, various other factors involved in the immune system and mesodermal line 
have also been shown to influence adult neurogenesis. For example, several different cytokines, 
key to various inflammatory responses, influence adult neurogenesis. Prokineticin-2, a cytokine 
involved in angiogenesis, is a chemoattractant for cells migrating from the subventricular zone to 
the olfactory bulb (Ng et al., 2005).  Prokineticin-2 also has been shown to be key for the 
maintenance of adult neurogenesis in the olfactory bulb, in that without this molecule, the 
integrity of the olfactory bulb is lost (Ng et al., 2005).  Likewise, the cytokine leukemia 
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inhibiting factor (LIF) is necessary for the regeneration of the olfactory bulb post-injury. In LIF 
knockout mice, the number of BrdU+ cells were greatly reduced post injury, suggesting that LIF 
is necessary for the successful regeneration of the olfactory bulb by signaling the proliferation of 
cells after damage (Bauer et al., 2003).  
The relationship between cytokines and adult neurogenesis is also apparent in the 
crayfish Procambarus clarkii (Figure 4). The cytokine astakine-1 (Ast-1) is a key regulator of 
the innate immune system (Söderhall, Kim, Jiravanichpaisal, Lee, & Söderhall, 2005). After 
injection of the recombinant Ast-1 protein (rAst-1), there was an increase in the number of cells 
in the hemolymph 12 hours post injection, suggesting that the injection of the Ast-1 initiated the 
release of cells from the innate immune system into the hemolymph. In addition, after 48 hours, 
there is also a rise in the number of BrdU+ neuronal precursors in the niche of the animal. This 
suggests that the cytokine Ast-1 is sufficient to stimulate adult neurogenesis in the crayfish, P. 
clarkii (Benton et al., 2014).   
Figure 4. The cytokine Ast-1 influences the innate 
immune system, as well as adult neurogenesis. (A) 
Animals were injected with rAst-1 protein and 
hemocyte counts were taken. The relative hemocyte 
counts were determined by comparing hemocyte 
counts in animals pre and post rAst-1 injection. There 
is 2x relative hemocyte count in response to rAst-1 at 
12 hours post injection. (B) Animals were injected 
with BrdU and rAst-1 and the number of BrdU+ cells 
in the niche was examined. Sham controls were 
injected with saline and BrdU instead of rAst-1. There 
was a significant increase in BrdU+ cells 48 hours 
post rAst-1 injection. (Experiment in A was conducted 





The Crayfish, Procambarus clarkii 
Though rodent models are commonly used for studies of adult neurogenesis, there are 
many advantages of using more simplified, invertebrate models. First, the sheer number of cells 
in the brain of rodents complicates more nuanced mechanisms, making it more difficult to 
quantify what may be smaller changes. However, since the crayfish only has about 100-300 cells 
in the niche depending on the size of the animal (Zhang et al., 2009), changes in the neurogenic 
structure are more readily assessed and quantified.  
In addition, many neural mechanisms are broadly conserved during evolution. For 
example, Hodgkin and Huxley described how action potentials in neurons are initiated and 
propagated using giant squid axons (Hodgkin & Huxley, 1952). These experiments were possible 
because the squid axon was large enough to be impaled for relatively long periods with the hand-
made intracellular electrodes used at that time. The conductance-based model of the action 
potential was later confirmed in mammalian nervous systems, and thus Hodgkin and Huxley 
earned the Nobel Prize in Medicine in 1963. Therefore, discoveries in relatively simplified 
invertebrate models are often widely applicable in other species.  
 
Thesis Goals 
The goal of this work is to examine the possible tissue origin(s) of neuronal precursors in the 
immune system. First, the time frame during which hemocytes are released from the 
hematopoietic system has been compared with the time when BrdU+ neuronal precursors are 
found in the niche. Second, the relationship between the innate immune system and the 
neurogenic system was explored by comparing the cycle times of cells in the anterior 
proliferation center (APC) and posterior hematopoietic tissue (HPT), in order to understand the 
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temporal dynamics of these cell types. Finally, by using in vitro studies, the morphology of the 
cell type(s) that are most attracted to the niche is being analyzed.  
 
General Materials and Methods 
Animals 
Experiments were conducted using adult crayfish (Procambarus clarkii, 30-40 mm carapace 
length) housed in the Wellesley College Animal Care Facility. The animals were kept at room 
temperature on a 12/12-light/dark cycle in tanks containing artificial pond water (distilled water 
adjusted with trace minerals and NaHCO3). Prior to experimentation, animals were separated 
into different groups and kept in plastic bins containing the same water.  
 
Immunohistochemistry 
Brains were dissected in crayfish saline (205mM NaCl, 5.4 mM KCl, 34.4 mM CaCl2, 1.2 mM 
MgCl2 and 2.4 mM NaHCO3) and fixed in 4% paraformaldehyde (Boston BioProducts) in 0.1M 
phosphate buffer (PB; 20 mM NaH2PO3, 80 mM Na2HPO4; pH 7.4) overnight and processed 
using standard immunohistochemical methods. The primary antibodies used for the brains were: 
rat anti-BrdU (1:50; Accurate Chemical; Cat. No: OBT00030G) and mouse anti-glutamine 
synthetase (GS; 1:100; BD Biosciences; Cat. No: 610517). The secondary antibodies used were 
goat anti-rat IgG-CY2 or Alexa Fluor 488 (Jackson ImmunoResearch Laboratories) and goat 
anti-mouse DyLight 649 (Jackson ImmunoResearch Laboratories). The anterior proliferation 
center (APC) and the posterior hematopoietic tissue (HPT) were dissected in crayfish saline and 
fixed in 4% paraformaldehyde. Instead of the primary antibody rat anti-BrdU used for the 
preparation of the brains, mouse monoclonal antibody against BrdU conjugated with the Alexa 
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Fluor 488 (Life Technologies, Cat. No: B35130) were used in order to prevent any non-specific 
labeling that can result from the use of secondary antibodies in these tissues. After rinsing, brains 
and the hematopoietic tissues were stained with the nucleic acid marker propidium iodide (PI) 




BrdU Timed Studies  
The purpose of the BrdU timed studies was to track the progression of newly born cells 
throughout the immune system tissues in relationship to in the neurogenic niche. Based on these 
results we have been able to formulate a hypothetical timeline of when newly generated cells 
may be migrating out of the immune tissues, into the hemolymph and into the niche.   
 
Materials and Methods 
Posterior Hematopoietic Tissue and Anterior Proliferation Center 
BrdU (5 mg/ml) was injected into groups of adult crayfish and dissected 1-5, 8, 10, 14, and 21 
days post-injection for the APCs and days 1-8, 10, 14, and 21 for the HPT. The samples were 
then processed immunohistochemically and imaged using a confocal microscope (Leica SP5). 
Samples were imaged at areas near the muscles of the APC and the posterior part of the HPT 
(Figure 5). Images were taken at 120x (40x objective with 3x zoom) and optically sectioned at 1 
µm with a projected z-stack size of around 4 !m. The proportion of BrdU+ compared to all 
propidium iodide (PI, a nuclear marker) cells were determined by counting BrdU-labeled and the 




Figure 5. Representation of Sampling Areas in the 
APC and HPT. Samples from the APC (!) are taken 
at 120x with a depth of 3.5 to 4 !m in the area near the 
cor frontale muscles.  Samples from the HPT (") were 
taken from the posterior regions with the same 












EdU (0.1 mg/ml) was injected into groups of adult crayfish and blood samples were taken days 
1, 3, 5, 10, and 17 days post EdU injection. Hemolymph samples were taken from the abdomen 
and mixed at a 1:1 ratio with filtered cold anticoagulant solution of citrate buffer/EDTA (NaCl 
0.14 M, glucose 0.1 M, trisodium citrate 30 mM, citric acid 26 mM, EDTA 10 mM, pH 4.6). 
Hemocytes were then placed on slides coated with poly-L-lysine and processed using the Click-
iT EdU Alexa Fluor 488 Imaging kit (Cat. No. C10337) and Hoescht 33342 (1:100) as a nuclear 
marker. Samples were imaged with a confocal microscope and 2-3 areas were imaged per 
animal. Percentage of EdU labeled cells was determined.  
 
Niches  
BrdU (5 mg/ml) was injected into adult crayfish. Groups of adult crayfish (CL 35-40 mm) were 
sacrificed on days 1-8, 10, 14, and 21 post-BrdU injection. The data for this experiment was 
collected twice, once during the summer and once during the fall. During the summer, animals 
were sacrificed at around noon, while during the fall; animals were sacrificed at 4 P.M. No 
significant differences were seen between the two groups, though it may account for some 
variability within the data. Niches were processed immunohistochemically as described above 
and examined with the confocal microscope. The percent chance of finding a cell in the niche 




Percent BrdU+ cells decrease exponentially in the Anterior Proliferation Center 
In this study, a single injection of BrdU was utilized and the percentage of BrdU-labeled cells in 
the APC were examined on days 1-8, 10, 14, and 21 days post-BrdU injection (Figure 6). In the 
APC, we saw a consistent percentage of around 40% BrdU-labeled cells one day post-BrdU 
injection, regardless of when the experiment was performed (day/night or summer/fall). After the 
first day, we saw an exponential decrease in labeled cells (R2=0.98) over the next 10 days, until 
the percentage of BrdU-labeled cells decreased to zero percent at day 14. The exponential 
decrease suggests that cells are moving out of the counting area, or being released into the 
system at an exponential rate.  
 
Figure 6.  Percentage of 
BrdU labeled cells in the 
Anterior Proliferation 
Center decrease 
exponentially over time. An 
injection of BrdU was given 
to a group of crayfish on day 
0 and animals were sacrificed 
on the days specified. Over a 
period of 8 days, the % BrdU 
labeled cells decreased at an 
exponential rate (R2=0.98) 
where the half-life of decay is 
1.70 days (t1/2=ln(2)/.407). 
Each data point represents the 
average proportion of cells 
labeled. Standard deviation 
bars are shown and the inset 
represents the exponential 
regression done on the data 
set. Confocal images are 
representative of APCs on 
days 1, 3 and 5. Propidium 
Iodide (red), BrdU (green) 




Percent BrdU+ cells in the posterior hematopoietic tissue follow a different dynamic compared 
to the APC.  
 
Cells in the posterior hematopoietic tissues displayed different labeling dynamics compared to 
the APC (Figure 7). The percentage of BrdU-labeled cells remains at 20% for the first three 
sampling days following BrdU injection. However, by day 5, the percentage of BrdU-labeled 
cells plummets to near zero, resulting in a “reverse-sigmoid” shape. When the decrease occurs, it 
seems to occur at a similar rate compared to the APC, though the HPT is slightly faster. 
Compared to the APC, the HPT reaches zero percent labeling sooner. The HPT reaches zero 
percent labeling 8 days post BrdU injection versus 14 days post BrdU injection in the APC. 
Despite being connected together into one complete tissue (see Figure 5), functionally, the 
cellular dynamics of the APC and HPT are very different.  
 
Figure 7. Percentage of 
BrdU labeled cells in HPT 
differs from APC over 
time. In the HPT, %BrdU+ 
cells remain the same over 
the first three days post 
labeling and sharply 
decrease over the period of 
the next 3 days. It reaches 
approximately 0% labeling 
at around day five. % 
labeled cells decrease to half 
its original population in 
1.16 days (based on linear 
regression). Each data point 
represents the average 
proportion of cells labeled. 
Bars represent standard 
deviation. Images represent 
BrdU labeling in the HPT 
days 1, 3 and 5 post-BrdU 
labeling. Cyan represents 
Propidium Iodide (nuclear) 
and red represents BrdU (S 
phase). Scale bars=30 !m.  
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Percentage of EdU+ cells in the hemolymph fluctuate over time after injection. 
The percentage of EdU-positive cells in the hemolymph fluctuates over time after the injection of 
EdU (Figure 8). One day post-BrdU injection, about 20% of hemocytes label for EdU. Then, 
three days after injection, the percentage of EdU labeled hemocytes falls to 10%. By 5-10 days 
post-EdU injection, the percentage of EdU labeled hemocytes rises back up to about 20%. The 
percentage of EdU-labeled cells in the hemolymph eventually decreases to 0% (by day 17), most 
likely due to the migration of hemocytes into other tissues and the eventual death of these cells.  
 
 
Figure 8. EdU labeling 
in the hemolymph over 
time. A single injection of 
EdU was given to the 
animal on day zero and 
hemolymph samples were 
taken 1, 3, 5, 10, and 17 
days post EdU injection 
and cells were placed in a 
single layer and evenly 
distributed on a poly- L-
lysine coated slide. Three 
randomly chosen areas 
were located on the slide 
and cells were counted at 
around 120x.  
Each data point represents 
the average proportion of 
cells that are labeled 1, 3, 
5, 10, or 17 days post 
EdU injection.  Error bars 
represent 1 standard 




BrdU labeling found in the niche after BrdU clearing time and neuronal precursor migration.  
BrdU labeling in the niche was examined over a period of 21 days (daily for 7 days post-
injection, followed by assessments at days 8, 10, 14 and 21). On days 1-3 post-BrdU injection, 
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BrdU labeling was observed in 30-50% of the niches (Figure 9). Qualitatively, if the BrdU+ cells 
were not within the niche, they were usually located in the streams, suggesting that they labeled 
in the niche and migrated away into the streams (Benton et al., 2011). At 5-7 days post-BrdU 
injection, no BrdU- labeled cells were observed in the niches, as the clearing time for BrdU in 
the niche is about 36-48 hrs (Benton et al., 2011), the cell cycle time of the niche cells is ~ 48 
hrs, and all of the BrdU-labeled cells have migrated away through the streams towards the brain 
cell clusters. However, labeled cells are again observed in the niche from days 8-14 post BrdU 
injection, and the peak is considerably more elongated than the sharp peak from days 1 through 4 


























Figure 9. Precursors present in niche following BrdU clearing time suggest arrival of cells from 
source tissue. Animals were injected with a single pulse of BrdU and the percent chance of finding a 
BrdU-labeled cell in the niche was calculated. Confocal images represent niches on specified days after 
BrdU injection. Dark blue represents glutamine synthetase labeling of the cytoplasm of all niche cells. 
Cyan represents Hoechst, a nuclear label and red indicates BrdU. Scale bars = 50 !m. (These data were 




Neuronal precursors in the niche are not self-renewing  
Though the current definition of a “stem cell” in mammalian systems includes self-renewal 
(reviewed in: Beltz et al., 2015), the evidence provided thus far in the crayfish model has 
suggested that neuronal precursors supporting adult neurogenesis are not self-renewing. Several 
lines of evidence support this claim (Zhang et al., 2009). First, pulse-chase BrdU-EdU 
experiments performed show that after cells in the neurogenic niche divide, both daughter cells 
migrate away from the niche (Benton et al., 2011). Second, the gap period 5-7 days after BrdU 
injection, during which there are no labeled cells in the niche, clearly demonstrates that there is 
no BrdU retention, thus confirming no self-renewal. If self-renewing cells were present in the 
niche, there would be a continuous number of cells that are tagged by BrdU in the niche, as the 
estimated cell cycle time for cells in the niche is greater than 48 hours (Benton et al., 2011).  
 
Neuronal precursors in the niche are being replenished from a source tissue  
Following a single pulse of BrdU, BrdU-labeled cells are observed in the niche on days 1-4 post 
BrdU injection. Neuronal precursors in S phase in the niche incorporate the thymidine analogue 
during this period (Sullivan, Benton, Sandeman, & Beltz, 2007). However, after 2 days (the 
clearing time), the concentration of BrdU drops below detectable levels (Benton et al., 2011) and 
the previously labeled cells migrate out of the niche into the streams and towards their respective 
clusters. Thusly, we see a “gap” period, where no labeled cells are present in the niche. After the 
gap period, we see another broader peak of BrdU-labeled cells from days 8-14 post-BrdU 
injection. This can be explained by the influx into the niche of labeled cells from an extrinsic 
source over the period of 6 days. The spread of this curve could be due to the fact that cells were 
labeled at different points of their lineage in the source tissue and the arrival times of these cells 
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into the niche may be different. This could be representative of the time it takes for the cells in 
the source tissue to turn over.   
 
Hypothetical timeline of cell progression based on given data can be provided 
 
The number of BrdU-labeled cells in the innate immune system decreases during days 1-8 in the 
APC (green) and days 3-5 in the HPT (blue) post-BrdU injection (Figure 10). Beginning on day 
3, there is a gradual increase in the percentage of labeled cells in the hemolymph (orange), 
suggesting that at least some of the decreased labeling in the APC and HPT may be due to 
release of cells from these tissues into the hemolymph. From days 5-10 post-EdU injection, the 
increased percentage of EdU-labeled hemocytes is sustained, but by the sampling on day 17 this 
has returned to zero. The spread of the hemocyte curve provides additional evidence that cells 
are being released from the source tissue over a period of time, and the correspondence of this 
rise in labeled hemocytes overlaps with the second peak of cell labeling in the niche (purple; 
days 8-14). This is consistent with the possibility that hemocytes contribute to the second peak of 
niche cell labeling.  Additionally, there is a period of 3 days, from days 5-8, in which labeled 
cells are present in the hemolymph, but not yet in the niche. This period of time could be due to 
















Figure 10. Overlay of APC, HPT, Hemocyte, and Niche graphs. A timeline can be developed based on 
the time at which the EdU/BrdU labeling peaks in each sample. For methods and detail description of the 




Determination of Cell Cycle in the APC and 
HPT 
 
In order to further understand the proliferation dynamics of cells in the APC and HPT, a study to 
determine the cell cycle times of the cell populations in these tissues was conducted. Through the 
calculation of the cell cycle time, we also were able to estimate the length of S phase in these cell 
populations.  
 
Materials and Methods 
 
Anterior Proliferation Center and Posterior Hematopoietic Tissue Processing 
The cell cycle time for the APC and HPT was determined using methods similar to the BrdU-
timed study for these tissues (see Figure 5). BrdU was injected into crayfish at time zero, APC 
and HPT were dissected at 3, 6, 12, 16, and 18 hours post-injection, and tissues were processed 
immunohistochemically.  
 
Determination of Cell Cycle  
The method used for determining the cell cycle was first developed by Miller and Nowakowski 
in 1989 (Nowakowski, Lewin, & Miller, 1989) . The method is based on “cumulative labeling” 
of the cell population in a tissue utilizing BrdU. When BrdU is first injected, all the cells in the S 
phase are tagged by the thymidine analogue. After a period of time, those cells that have been 
tagged move out of S phase and a different population move into S phase, when BrdU also tags 
the second population. Therefore, as we take samples over a period, we see a linear increase in 
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the percentage of BrdU labeled cells, until it reaches the steady state, where BrdU is within all 
proliferative cells in the population.  
 
The model generated by Nowakowski et al. makes several assumptions about the cell population. 
First, all proliferating cells are part of the same asynchronous population, meaning they all share 
the same cell cycle time, and are distributed uniformly at various points in the same cell cycle. 
Second, the population is growing at a steady-state: half the cells leave the proliferative 
population and half remain. Both of these could be true of the cell population in the APC, as 
there is no evidence suggesting that cells within the APC are of different populations and as 
previously described in Chapter 1, cells in the APC do leave the proliferative population, either 
by migration or release. In the HPT, cells leave the proliferative population, but within the HPT, 
there exist 5 distinct cell types, possibly with varying cell cycle times (Lin & Söderhäll, 2011). 
Thus, though the model may apply to the APC, it may not apply to the HPT.  
 
The determination of the cell cycle is based on the principle that at any given moment (or at the 
point when BrdU is first injected) the number of cells in S phase (Li0) is proportional to the time 
the cells spend in S phase (Ts) over the time of the cell cycle (Tc). In our case, Li0 is extrapolated 
by performing a linear regression on the ascending points, a method suggested by Smith and 
Luskin (1998). This proportionality is adjusted by the growth factor (GF), which is the 
proportion of cells that are proliferative in the tissue. This is the proportion of cells that are 
BrdU+ at steady state. Based on our experiment, we can also interpret the time it takes to reach 
steady state as equivalent to Tc subtracting Ts. The amount of time it takes to reach steady state 
is how long it takes for the cells that were at the end of S phase when BrdU was first injected to 
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go through the rest of the cell cycle and re-enter S phase. These cells were labeled when BrdU 
was first injected, when (in the original study) they first entered into S phase, so the percentage 
of cells will not increase when they are labeled with BrdU again, resulting in the steady state 
phenomenon (Smith & Luskin, 1998).  The numbers do not increase due to the assumed steady 
state phenomenon, as some cells leave the proliferative population.  
 
The original studies in rodents, in which the clearing time is very short, utilized multiple 
injections of BrdU in order to maintain BrdU availability during the experimental period. Our 
method was adapted to administering BrdU only once due to the fact that the clearing time of 
BrdU is much longer (greater than 18 hours in APC and HPT) than in other animal models (e.g. 
mouse, 6-hour cell cycle; Duque & Rakic, 2011). A schematic of the methods is included below 
(Figure 11).   
 
Figure 11. Schematic of 
the Methods used to 
determine cell cycle 
time.  
A single pulse of BrdU 
was injected at time zero 
and samples were taken 3, 
6, 12, 16, and 18 hours 
post injection and a graph 
was created similar to the 
one presented at the lower 
left corner.  
 
Image modified from 











Calculation of Cell Cycle  
 
The following proportionalities were used to calculate the cell cycle time:      and  
 
                      
. The equations were then simplified into one equation:                          . A MATLAB  
 
 





The cell cycle time for the APC is about 50 hours.  
 
The cell cycle time for the APC was determined using the above method. After applying the 
linear regression, the Li0 value for the APC was around 0.38. The growth fraction was 0.50 and it 
took 12 hours for the proportion of BrdU labeling to reach steady state. Using these values, the 
calculations were performed using the formula provided above. The cell cycle time was then 


















Figure 12. Cumulative BrdU labeling of the APC in adult crayfish. Each data point represents the 
average proportion of cells that are labeled 3, 6, 12, 16, or 18 hours post BrdU injection. Error bars 
represent SEMs. The Growth Fraction is labeled in green, the time it takes to reach steady state is labeled 
in blue and the y-intercept is labeled in red. The y-intercept was determined using a linear regression 





















BrdU uptake in HPT warrants further analysis.  
In the 3-day time span examined, the HPT does not seem to follow a labeling pattern similar to 
that described by Miller and Nowakowski. By three hours post BrdU injection, the HPT has 
already reached its first steady state at around 40% (Figure 13). By 24 hours, the proportion of 
BrdU+ cells has decreased, leading to a secondary steady state at around 20%. As the HPT does 
not seem to follow the labeling pattern described by Nowakowski et al., it re-emphasizes that the 
HPT probably has many different cell types (Lin & Söderhäll, 2011), and because it does not 




















Figure 13. Cumulative BrdU labeling of the HPT in adult crayfish. Each data point represents the 
average proportion of cells that are labeled 3, 6, 12, 16, 18, 24, 48 or 72 hours post BrdU injection. Error 
bars represent SEMs. n=4 for hours 3 & 48; n=5 for hours 6 & 24; n=6 for hours 16-18; n=3 for hour 72 

























Hours Post BrdU Injection 
 25 
Discussion 
Cells in the APC spend the majority of cell cycle time in S phase 
Our evidence suggests that APC cells spend about 76% of their cell cycle in S phase. The 
relatively long cell cycle time (50 hours) is common in pluripotent stem cell populations. For 
example, mammalian pluripotent stem cells have an equally unusual cell cycle structure. These 
cells spend about 15% of their time in G phase, but 65% of the cell cycle time is S phase 
(reviewed in: Singh & Dalton, 2009). However, after differentiation, the proportion of time the 
daughter cell spends in S phase decreases and the proportion of time it spends in G phase 
increases. This phenomenon is conserved across multiple mammalian species such as rhesus 
monkey embryonic stem cells, murine epiblast stem cells, human and murine induced pluripotent 
stem cells and human embryonic stem cells (reviewed in: Singh & Dalton, 2009). The cells in the 
APC therefore have a very similar cell cycle structure to pluripotent stem cells found in other 
species, consistent with the possibility that the APC is a source for neuronal precursors, as 
proposed by Noonin, Lin, Jiravanichpaisal, Söderhäll, and Söderhäll (2012) and Chaves da Silva, 
Benton, Sandeman, and Beltz (2013). 
 
Some cells in the HPT likely have a short cell cycle time to compensate for immune reactions 
According to previous studies done by the Söderhäll lab (Uppsala, Sweden), when the immune 
system is stimulated, this triggers a significant release of partially differentiated hemocytes from 
hematopoietic tissues (I. Söderhäll, Bangyeekhun, Mayo, & Söderhäll, 2003). Since cells may be 
released frequently depending on the animal’s environment, some cells within the HPT needs to 
have a shorter cell cycle time to compensate for the loss of hemocytes. Though we do not know 
the exact length of the cell cycle of cells in the HPT, we can hypothesize that it has a short cell 
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cycle. However, in order to estimate the actual cell cycle time, another model would need to be 
applied.  Nonetheless, further work will need to be done in order to elucidate the proliferation 
dynamics within this tissue.  
 
Based on estimated APC cell cycle time, cells must undergo 2-3 generations before turnover in 
APC 
As previously mentioned in chapter 1 (pg. 17-18, Figure 9), the spread of BrdU labeled cells 
found in the niche over time can be attributed to cells incorporating BrdU at different points in 
their lineage before they are released and migrate to the niche. The spread of the second peak 
ranges from 8 days, when BrdU labeled cells are first seen to 14 days, when BrdU labeled cells 
are last seen in the niche. The difference between when BrdU+ cells are first seen and when they 
are last seen is 6 days. As we estimate the cell cycle time to be 50 hours, then the cells must 
divide 2-3 times before they are released and incorporated into the niche. This estimate is 
consistent with the fact that it takes around 5-6 divisions in murine before BrdU reaches 
undetectable levels and cells that reach the niche 8 days after BrdU injection are still relatively 
brightly labeled (Bonhoeffer, Mohri, Ho, & Perelson, 2000). 
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Chapter 3 
The Identification and Separation of 
Hemocytes using Percoll Gradients (in 
progress) 
 
Through these studies, we hope to gain more insight into the particular cell types and 
morphologies of cells in the innate immune system of crayfish that are contributing to the 
neuronal precursor pool in the niche. These studies are still in their beginning phases and include 
the use of continuous density gradient centrifugation (Percoll gradients) to separate various cell 
types in the hemolymph. Currently, there are three known types of hemocytes described (Lin & 
Söderhäll, 2011). The first, hyaline cells, are small, contain little to no granules, and may be 
phagocytotic. The second, semi-granular cells represent around 65% of the total hemocyte 
population. It has also been proposed that semi-granular cells may be a type of hemocyte 
precursor (Chaga, Lignell, & Söderhäll, 1995). The third, granule cells, are parked densely with 
granules, which are released in response to stimulation (Lin & Söderhäll, 2011).  The advantage 
of the Percoll separation approach is that this method yields viable cells that can then be used for 
adoptive transfer. 
 
Materials and Methods 
 
Cell Separations  
70% Percoll gradients (GE Healthcare) were utilized to separate the different cell types within 
the hemolymph. Percoll was diluted with NaCl solution (final concentration: 0.15M) and then 
centrifuged at 15000 g to form the gradient. On the day of the experiment, hemolymph was taken 
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from the crayfish and placed into anticoagulant buffer in a 1:1 ratio, then placed on top of the 
gradient. The combined hemolymph and Percoll combination was then centrifuged at 1500 g 
(about 3000 rpm) with a swing-bucket rotor. Layers were then removed and placed into 0.15 M 
NaCl and washed with saline. These methods were contributed and demonstrated by the 
Söderhäll lab in Uppsala University, Uppsala, Sweden (K. Söderhäll & Smith, 1983). 
 
Adoptive Transfers 
EdU was injected into the animal 3-5 days prior to experimentation day. Hemolymph from those 
animals was then acquired and separated using continuous density gradient centrifugation in the 
method described above. Different cell types from different layers were then injected into 
recipient animals and after 5 days, brains and associated niches were processed 




Percoll gradients yield three separate layers consisting of three different cell types. 
The Percoll gradients yielded three different layers containing each containing a different cell 
type (Figure 14). Layer 1 contains a possible type of semi-granular cell. This cell type has two 
longer length processes and contains few granules. Layer 2 contains a different type of semi-
granular cell, mostly of the half-moon shaped variety. Layer 1 and 2 are characterized as semi-
granular cells because both cell types contain small granules within the cytoplasm. Layer 3 
contains a granular cell layer (Lin & Söderhäll, 2011). These cells are round in shape and contain 
large, densely packed granules.  
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Figure 14. Percoll gradients with labeled cell layers. Percoll gradient was dyed in order to emphasize 
layers. Hemocyanin is the oxygen-carrying molecule within the hemolymph. Under the hemocyanin is 
various cell debris. Cell layer 1 represents one type of semi-granular cells while the layer 2 represents a 
different type, both containing small granules. Cell layer 3, which is the densest, contains granular cells. 
Grey=DIC, Red=PI.  
 
Cells from layer 2 are capable of entering into the niche.  
Adoptive transfers were performed with layers 2 and 3. Animals were injected with EdU three to 
five days prior to hemolymph sampling. After separating the hemocyte types by using the Percoll 
gradient, animals were injected with either layer 2 cells or layer 3 cells. Layer 2 cells were 
nuclear labeled cells that were found in or close to the niche (Figure 15, Ai-Aiii), while layer 3 
granular cells were found deeper within the brain, or in other clusters (Figure 15, B).  EdU often 
labeled the large granules of the granular cells, but not the nucleus.  
 
Figure 15. Layer 2 cells 
enter niche. (A) Niche of 
recipient animal after layer 2 
cells were transferred. (Ai) 
GS (dark blue) (Aii) PI (red) 
(Aiii) EdU (green), (Aiv) 
merged. Scale bar =50 !m. 
Niche region outlined in 
white. Labeled cells 
indicated with white arrows. 
Scale bar = 10 !m. (B) Layer 
3 cell that entered into brain 





Semi-granular cells appear in the niche more commonly than granular cells.  
After transferring cells from different layers of the Percoll gradient into recipient crayfish, cells 
transferred from the semi-granular layer (2) are more commonly integrated into the niche 
compared to cells transferred from the granular layer. However, this remains a qualitative 
observation as experiments are in their beginning phases (n=6). This is concurrent with our 
hypothesis that there may be a population of “immature cells,” cells that are not yet differentiated 
that are released into the hemolymph. The Söderhäll lab has previously suggested that neuronal 
precursors were morphologically similar to immature cells that they have seen in the HPT. 
Immature cells are not quite as dense as semi-granular cells, but are still integrated within the 
same layer 1 or 2 Percoll band. This suggests that an early stage stem cell-type cell may be 
contributing to the neuronal precursor population in the adult crayfish brain. Layer 1 cells have 
not yet been tested for attraction to the niche.  
 
Immature cell types must be separated from semi-granular cell 
In order to gauge whether the immature cells that are commonly tagged by thymidine analogues 
are truly the contributors to the neuronal precursor pool, we must be able to separate them into a 
discrete layer containing homogeneous cell types. This will allow us to perform an assay to 
gauge relative cell affinities to the niche between the three different cell types (immature, semi-
granular and granular). By separating the immature cells, we can also examine the potency of 
these immature cells and in culture will attempt to bias them towards different cell fates using a 





The Establishment of a Primary Cell 
Culture: APC and HPT (in progress) 
 
The establishment of primary cell cultures of APC and HPT cells will allow us to elucidate how 
these tissues function within the crayfish.  It will allow close examination of the morphologies of 
the cells as well as provide control over the cellular environment.  In vitro studies using primary 
cell culture will allow us to examine the effect of various molecules on the proliferative 
properties of the APC and HPT.  It may also allow us to determine the source tissue by adoptive 
transfer of cells from the two different tissues.  
 
Materials and Methods 
 
Cell Culture  
APC and HPT tissues were dissected and rinsed in crayfish saline. Each tissue was then placed 
into collagenase I & IV solution (0.01%, Sigma Aldrich) in order to dissociate the cells, keeping 
APC and HPT cells separate. Dissociated cells were then washed with autoclaved and filtered 
PBS (20 mM NaH2PO3, 80 mM Na2HPO4; pH 7.4) and resuspended in adjusted Leibovitz-15 
medium w/o L-glutamine (L-15, Sigma Aldrich; 1!M phenylthiourea [Sigma Aldrich], 60 !g/ml 
penicillin/streptomycin [Sigma Aldrich], and 50 !g/mL gentamycin [Sigma Aldrich], 2mM L-
glutamine) and plated into 24 well plates. Our generous collaborators in the Söderhäll Lab at 
Uppsala University contributed and demonstrated cell culture protocol and techniques based on 
methods described in Lin and Söderhäll (2011).   
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EdU detection within cell cultures 
Adult animals were injected with EdU, and APC and HPT tissues were obtained a day after 
injection with EdU. Cell culture protocols were then followed and EdU was visualized using an 
Alexa 488 Click-iT kit (Life Technologies).  
 
Results 
Both APC and HPT cultures can live in vitro for at least 9 days  
After both APC and HPT cells are placed into culture, they can be maintained without a huge 
detriment to the cell population for at least 9 days (Figure 16). In addition, mitotic profiles have 
been found, suggesting that they do, in fact, divide in culture. However, as they remain in culture 
longer, their morphologies tend to change. APC cells in culture tend to form processes  (Figure 
17) that seem to connect to each other while HPT cells in culture become more round in shape.  
 
 
Figure 16. APC and 
HPT cells survive in 
culture for at least 9 
days.  Images of APC 
and HPT cells in 
culture were taken 
immediately after 
placing into culture 
and 9 days later. 
These cells survived 
for more than a week 
in culture.  
 






Newly born APC cells can develop processes in culture  
In this study, adult crayfish were injected with EdU and sacrificed after 24 hours. Cells from the 
APC and HPT samples were dissociated and put into culture for six days.  The cells were taken 
out of culture and then were processed for EdU labeling. After six days, we found that the some 
APC cells that were tagged with EdU had developed bipolar extensions and some were unipolar 
(Figure 17 Ai, Aii). However, EdU-labeled cells from the HPT did not develop extensions but 
became less oblong and more round in shape (Figure 17).  
 
Figure 17. APC cells develop 
processes while HPT cells do 
not. EdU-labeled cells in culture 
taken from the APC were 
observed to develop extensions 
while cells in culture taken from 
the HPT do not. Panel Ai and Aii 
represent two different cells found 
to have EdU labeling and 
extensions. Ai has bipolar 
extensions, while Aii has a 
singular process.  Panel B 
represents HPT cells in culture 




Scale bar=10 !M for panel Ai and 






Morphological changes in APC and HPT cells could suggest function 
As APC and HPT cells remain in culture they do develop some morphological differences. HPT 
cells begin to become rounder, with a very large nucleus and small cytoplasm. The round shape 
is reminiscent of the type 2 semi-granular cell and granular cell precursor described in Lin and 
Söderhäll (2011). They are the main proliferative cells within the HPT and contain granules that 
may lead to the development of semi-granular or granular cells. In the APC, in certain cases, 
cells begin to develop bridges and clumps. Similar structures were seen in APC cultures 
developed by Noonin et al. (2012). This could indicate that APCs are beginning to form a rosette 
structure as do embryonic stem cells or perhaps getting ready for the migration process to other 
tissues (discussed in Chaves da Silva et al., 2013).  
 
Future directions: Adoptive transfer of cultured APC and HPT cells into recipient crayfish  
Based on previous experiments described, there is possibly a maturation time period between 
when cells are synthesized in the source tissue, when they are released into the hemolymph, and 
when they enter the niche. However, when we collect samples from the hemolymph, it no longer 
becomes possible to determine whether the EdU-labeled cells originated from the APC or the 
HPT. In order to solve this problem, APC and HPT cells will be placed in culture, where they are 
able to mature. After this maturation period, they will be introduced into a recipient crayfish 
similar to the procedure described in Figure 3. Through this method, we will gain a greater 
understanding of the possible source tissue for neuronal precursors in the niche. 
  
Proliferation studies of cells in culture  
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Further proliferation studies should be done for cells in culture in order to assess the percentage 
of cells that retain their ability to proliferate in vitro. Crayfish would first be injected with a pulse 
of BrdU, and APC and HPT cells prepared as described above would be placed in culture. Cells 
would then be exposed to EdU and immunohistochemically analyzed for the percentage of EdU 
positive cells compared to percentage of BrdU positive cells. This pulse-chase approach will tell 
us which cells were dividing just before the HPT and APC were dissected from the crayfish 
(BrdU label), and whether these or a different cell population continue in the cell cycle after 
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Appendix A 
Schematic of crayfish brain  
 
 
Appendix A. Schematic of Procambarus clarkii Brain. (A) Diagram of crayfish brain showing the three 
main divisions of the brain and cluster 9 and cluster 10 (main areas of adult neurogenesis). (B) confocal 
images of cluster 10 and (C) cluster 9. Green represents BrdU labeled nuclei. Scale bar=20 !m. Image 
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1. Solutions Needed (Autoclaved & Filtered) 
1. Anticoagulant 
2. Percoll (GE Healthcare, 17-0891-01, Lot #274330) 
3. .5 M NaCl  
4. .15 M NaCl  
 
2. 70% Percoll Preparation  
1. Dilute 100% percoll with .5M NaCl (final concentration of percoll is 70% and 
final concentration of NaCl is .15M) and then mix well  
2. Aliquot 8 mL of 70% Percoll into each 13mL tube  
3. Centrifuge at 15557g (10000 rpm) for 25 min at 4oC 
 
3. GC and SGC Separation 
1. Prepare cold anticoagulant in tube  
2. Clean abdomen of crayfish with 70% EtOH 
3. Draw 1-2 mL of crayfish hemolymph from the abdomen  
4. Mix hemolymph and anticoagulant by inverting tube gently  
5. Gently apply the mixture of hemolymph and anticoagulant on top of the 70% 
percoll gradient. Do not disturb the gradient!!! 
6. Centrifuge at 3500 rpm for 20 min using the swing out rotor centrifuge 
7. The GC layer is to the bottom, the SGC layer is to the top  
8. Take out the cells using clean pasture pipette and put in one Vol. of 0.15M NaCl, 
then mix gently.  





Cell Culture Protocol 
 
1. Dissect APC/HPT & rinse with saline after dissection 
2. 0.1% Type I & Type IV collagenase (in PBS)  
Incubate at RT for 15-20 minutes 
After about 15-20 minutes, shake. Liquid should become cloudy: tissue should be 
digested and cells have become dissociated from tissue 
3. Centrifuge for 5 minutes at 800g (3500rpm) 
4. Remove most supernatant and keep the pellet 
5. Add PBS (autoclaved) for rinsing  
Pipette up and down!don’t let tissue get stuck in the tip of the pipette 
6. Centrifuge at 800g (3500 rpm) for 5 minutes 
7. Remove supernatant 
8. Wash with PBS  
9. Use pipette to remove leftover tissue 
10. Centrifuge for 5 minutes at 800g 
11. Remove supernatant  
12. Add L-15 medium-adjusted (filtered, stored at 4oC)  
13. Re-suspend cells in medium  
a. Cell viability- stain w/trypan blue 
14. Place cells in 96 well plate  
a. 50000 cells !90-95% confluence 
15. Let cells attach at RT for 15-20 minutes  
16. Add 2% plasma (filtered, stored at 4oC) 
17. Incubate in 16-20 oC 
18. Change " of the medium every 2nd day  
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SUMMARY
Neurogenesis is an ongoing process in the brains of
adult decapod crustaceans. However, the first-gen-
eration precursors that produce adult-born neurons,
which reside in a neurogenic niche, are not self-
renewing in crayfish and must be replenished. The
source of these neuronal precursors is unknown.
Here, we report that adult-born neurons in crayfish
can be derived from hemocytes. Following adoptive
transfer of 5-ethynyl-20-deoxyuridine (EdU)-labeled
hemocytes, labeled cells populate the neurogenic
niche containing the first-generation neuronal pre-
cursors. Seven weeks after adoptive transfer, EdU-
labeled cells are located in brain clusters 9 and 10
(where adult-born neurons differentiate) and express
appropriate neurotransmitters. Moreover, the num-
ber of cells composing the neurogenic niche in cray-
fish is tightly correlated with total hemocyte counts
(THCs) and can bemanipulated by raising or lowering
THC. These studies identify hemocytes as a source
of adult-born neurons in crayfish and demonstrate
that the immune system is a key contributor to adult
neurogenesis.
INTRODUCTION
Communication between the nervous system and the periph-
eral immune system is becoming more and more evident in
mammals as well as in invertebrates, and it is now recognized
that the immune and nervous systems rely on constant interac-
tion to maintain homeostasis (Evans et al., 2010; Ransohoff and
Engelhardt, 2012; An et al., 2014). For example, nonmyelinating
Schwann cells associated with the autonomic innervation of
bone marrow contribute to the maintenance of the hemato-
poietic stem cell pool in mice (Yamazaki et al., 2011), and the
peripheral nervous system provides a microenvironment
important for ‘‘homing’’ of hematopoietic cells and regulating
their survival and development in Drosophila larvae (Makhijani
et al., 2011). The studies presented in this article reveal a simi-
larly intimate relationship between the immune and nervous
systems in freshwater crayfish (Procambarus clarkii and
Pacifastacus leniusculus), where the production of neurons
continues throughout the organisms’ lives (for review, see Beltz
et al., 2011; Benton et al., 2013). Our prior studies have shown
that hemocytes—cells that underlie innate immunity in these
invertebrate organisms—are attracted to the neurogenic niche
in the crayfish brain in vitro (Benton et al., 2011). The current
work demonstrates that the hematopoietic system exerts mul-
tiple levels of control over adult neurogenesis in the crustacean
brain. Most importantly, following adoptive transfer of labeled
hemocytes, these cells invade the neurogenic niche and their
descendants differentiate into neurons. These findings chal-
lenge the canonical view that the ectodermal origin of embry-
onic neural tissues is the only source of neurons in the brain
of adult crustaceans.
Invertebrates lack oxygen-carrying erythrocytes and blood
cells of the lymphoid lineage that participate in the adaptive
immune response, but have a well-developed innate immune
system in which hemocytes (blood cells) play a leading role.
Freshwater crayfish, such as Pacifasticus leniusculus and Pro-
cambarus clarkii, live for up to 20 years and contain distinct he-
matopoietic tissues (Noonin et al., 2012; Chaves da Silva,
2013) that synthesize hemocytes throughout the animal’s life-
time. Astakines, crustacean cytokines belonging to the prokine-
ticin family, are necessary for the proliferation and release of
hemocytes from hematopoietic tissues (So¨derha¨ll et al., 2005;
Lin et al., 2010). In vertebrates, prokineticins are involved in
diverse functions, including circadian regulation, angiogenesis,
and neurogenesis; adult neurogenesis in the olfactory bulb is
dependent on prokineticin 2 signaling (Ng et al., 2005). The goals
of the present work were to assess the contribution of the innate
immune system to themaintenance of a neurogenic niche and to
test the competence of hemocytes as precursors of adult-born
neurons in the crustacean brain.
New neurons are generated and incorporated into circuits in
the adult brains of many vertebrate and invertebrate organisms,
including in the crayfish P. clarkii and P. leniusculus. In decapod
crustaceans, new neurons are added to visual areas located in
the eyestalks (Sullivan and Beltz, 2005a) and to two groups of
neurons in the deutocerebrum, cell clusters 9 and 10 (Figure 1),
which contain local and projection neurons in the olfactory and
accessory lobe (multimodal) pathway (Schmidt and Harzsch,
1999; Sullivan and Beltz, 2005b). The precursor cell lineage pro-
ducing adult-born neurons has been identified in P. clarkii. The
first-generation precursors, which are functionally analogous to
neural stem cells in mammals, are located in a niche that is
loosely attached to the ventral surface of the brain, beneath
the sheath that surrounds the brain. The niche lies on a blood
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vessel (Sullivan et al., 2007), and in crustaceans such peripheral
arterioles open into sinuses (i.e., hemolymph spaces that lack an
endothelium, but that form narrow channels and broad lacunae
within and around a tissue [Vogt, 2002]). The niche lies within
this type of space and is therefore bathed in hemolymph, which
also is funneled into the niche via the vascular cavity (Figure 1).
However, the vascular cavity itself is not lined by an endothelium
and therefore is not simply an extension of the blood vessel on
which the niche lies (Chaves da Silva et al., 2012).
Unlike traditional stem cells, the first-generation neuronal pre-
cursors are not self-renewing, instead dividing symmetrically fol-
lowed by the migration of both daughters away from the niche
(Zhang et al., 2009). The absence of self-renewal has been un-
equivocally demonstrated using pulse-chase double-nucleoside
labeling, which shows that the first-generation niche precursors
do not retain the nucleoside label as would be expected if these
divisions were self-renewing. Instead, following the niche cell di-
visions, the nucleoside is found exclusively in second-generation
offspring that migrate in streams away from the niche (Benton
et al., 2011). Rapid cycling of the niche precursors (and hence
dilution of the BrdU label) cannot explain these results; 5–
7 days are required for cells to traverse the migratory streams
(the only sink for cells coming from the niche) (Sullivan et al.,
2007), and there are no more than 12 cells in the streams at
any time, indicatingR48 hr cycle time (Benton et al., 2011).
The second-generation neuronal precursors migrate along
fibrous streams formed by the processes of bipolar cells residing
in the niche, until they reach proliferation zones in cell cluster 9 or
10 (Figure 1). There, they divide at least one more time before
differentiating into neurons (Sullivan and Beltz, 2005a; Kim
et al., 2014). Because of the spatial separation of the precursor
lineage, each precursor generation can be examined indepen-
dently (e.g., Zhang et al., 2011).
In spite of the fact that the first-generation neuronal precursors
are not self-renewing, these precursors are never depleted and
neurons continue to be generated throughout the animal’s life-
time. The niche therefore cannot be a closed system. Thus, we
have proposed that the pool of neuronal stem cells must be re-
plenished from a source extrinsic to the niche. In vitro studies
demonstrate that cells extracted from the hemolymph (but not
other cell types) are attracted to the niche and that semigranular
hemocytes have a particular affinity for the niche (Benton et al.,
2011). These and additional studies (Sintoni et al., 2012; Chaves
da Silva et al., 2012) suggest that the hematopoietic systemmay
be one source of neuronal precursor cells in the neurogenic
niche (Beltz et al., 2011).
In the present studies, we tested the relationship between the
immune system and adult neurogenesis by manipulating the
number of circulating hemocytes and subsequently assessing
changes in the neurogenic niche containing the first-generation
neuronal precursors. Astakine 1 (AST1) is known to specifically
promote the proliferation and release of semigranular hemocytes
in the crayfish P. leniusculus (Lin et al., 2010), and the present
studies show that recombinant-AST1 (r-AST1) also promotes
proliferation of the neuronal precursor lineage. When total hemo-
cyte count (THC) was manipulated, THC and cell number in the
neurogenic niche were positively correlated. Further, the reduc-
tion in niche cell number resulting from partial hematopoietic tis-
sue (HPT) ablation was ‘‘rescued’’ by injection of r-AST1 prior to
sacrifice. Finally, adoptive transfer of labeled hemocytes re-
sulted in: (1) the integration of labeled cells into the neurogenic
niche, (2) migration of labeled cells in the streams along which
neuronal precursors travel, and (3) incorporation of labeled cells
into brain clusters 9 and 10, where after several weeks they
expressed neurotransmitters appropriate for these olfactory in-
terneurons. Taken together, these studies demonstrate that the
Figure 1. TheCellularMachinery Producing
Adult-Born Neurons in the Crayfish Brain
Consists of a Neurogenic Niche Contain-
ing First-Generation Precursors, Migratory
Streams Containing Second-Generation
Precursors, and Two Clusters of Olfactory
Interneurons
The spatial relationships between these regions
are indicated in the schematic drawing, which is
supplemented with representative images of the
niche, streams and cell clusters. In the diagram,
BrdU-labeled (red) cells in the niche, streams and
Cluster 10 are illustrated. First-generation pre-
cursors in a neurogenic niche divide symmetri-
cally, both daughters migrating to proliferation
zones (MPZ, LPZ) in Clusters 9 and 10, where they
divide at least once more before progeny differ-
entiate into neurons. Solid black arrows next to
the streams indicate the direction of migration;
curved, thick blue arrows indicate locations of cell
divisions. The niche is connected to the blood
system via a central ‘‘vascular cavity’’ in the niche,
illustrated in the diagram and appearing as a white
vacant region in the center of the niche image. In
the accompanying images, BrdU (green) labeling
is shown in each region of the niche-stream-cluster system. PI (red) labeling of all niche cell nuclei is also evident, as is the vascular cavity that appears as a
black hole in the center of the niche. Glutamine synthetase immunoreactivity (blue) highlights the niche and streams. Scale bars represent 50 mm (niche); 20 mm
(Cluster 10 and streams).
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innate immune system is directly involved in the production of
adult-born neurons in the crayfish brain and indicate that
neuronal precursors are derived from cells produced by the
innate immune system.
RESULTS
AST1 Raises Total Hemocyte Counts in P. clarkii
To test whether hematopoietic tissues in P. clarkii are responsive
to P. leniusculus r-AST1, this cytokine was injected into P. clarkii.
Hemolymph samples were taken from crayfish at 6, 12, 18, 24,
and 48 hr after injection, and for each individual crayfish the
THC after injection was normalized to the initial hemocyte count
at time 0, just prior to injection (Figure 2A). This and all subse-
quent experiments were conducted at room temperature so
that temporal aspects of the various data sets could be
compared. THC measured after r-AST1 injection shows vari-
ability in blood cell counts between same-size crayfish, even at
time 0. However, at 12 hr postinjection, a significant increase
in the THC occurs; THC returns to nearly preinjection levels by
18 hr postinjection. This experiment confirms that hematopoietic
tissues in P. clarkii respond to r-AST1 and defines the time
course of the hematopoietic response. In comparable experi-
ments conducted at 10!C in P. leniusculus, the release of semi-
granular cells and corresponding change in total hemocyte
counts occurs 24 hr after r-AST1 injection (Lin et al., 2010).
This 12 hr difference in response time is likely due to the lower
temperature used in the P. leniusculus study, as THC is highly
affected by water temperature (Jiravanichpaisal et al., 2004).
The high variability in hemocyte counts in crustacean species
is due to a variety of factors such as circadian phenomena (Wat-
thanasurorot et al., 2011), temperature (Jiravanichpaisal et al.,
2004), and diet (Stewart et al., 1967). The injection of even small
amounts of fluid, the insertion of a needle to extract hemolymph,
or any surgical procedure or infection alters circulating hemocyte
number and can cause the release of AST1 and other factors
into the plasma from activated hemocytes. This response is fol-
lowed by a recovery accomplished primarily through the rapid
synthesis and release from hematopoietic tissues (So¨derha¨ll
et al., 2003). Therefore, to ensure that multiple variables did
not confound our results, hemolymph samples were not taken
during the r-AST1 experiments described below.
R-AST1 Alters the Rate of BrdU Incorporation and Cell
Number in the Niche
R-AST1 was injected into P. clarkii, and groups of crayfish
(including normal controls [no treatment] and shams [injected
with saline]) were then maintained in pond water containing
5-bromo-20-deoxyuridine (BrdU). After sacrifice at 24, 48, and
72 hr postinjection, brains were dissected, processed immuno-
cytochemically, and stained with propidium iodide (PI). The total
number of cells in the niche (based on PI labeling) and BrdU-
labeled cells in the niche, streams and Clusters 9 and 10 were
counted. We then asked whether changes in the niche or precur-
sor cell lineage were correlated with the release of hemocytes
initiated by r-AST1 injection.
At 24 hr postinjection, no changes were observed in any of
these regions (Figures 2B–2D). However, by 48 hr postinjection,
the total numbers of cells (Figure 2B) and BrdU-labeled cells
in the niche (Figure 2C) increased relative to sham controls. At
72 hr postinjection, the increase in the number of niche cells
was maintained, while the number of BrdU-positive cells re-
turned to control levels. The migratory streams from the niche
to Clusters 9 and 10 contain all of the cells migrating from the
niche and these show an increase in BrdU-positive cells at
48 hr (Figure 2D), suggesting that the initial rise in BrdU-labeled
niche cells actually occurred prior to the 48 hr time point, thus
providing a window of time when the second-generation cells
resulting from the division of niche cells could migrate into the
streams; alternatively, r-AST1 could be directly accelerating
the cell cycle among the second-generation precursors, which
progress through the cell cycle and sometimes divide while in
the streams (Sullivan et al., 2007). While Cluster 9 BrdU-labeled
cell counts did not vary from controls or shams at any of the time
points, in Cluster 10 there was an increase in the number of
BrdU-labeled cells relative to shams at 72 hr (Figure S1 available
online). Because migration from the niche to the proliferation
zones normally requires 5-7 days (Sullivan et al., 2007), it is
unlikely that the migration of cells into Cluster 10 can explain
this result. Therefore, this influence on BrdU labeling in Cluster
10 indicates that r-AST1 directly affects neuronal precursor cells
in this cluster, promoting their division.
We also examined the vascular cavity, located centrally in the
niche, at each of the time points. Communication between the
vascular cavity and the circulation has been demonstrated by in-
jection of labeled dextran into the pericardial sinus (Benton et al.,
2011) or into the dorsal median artery (Sullivan et al., 2007). The
niche lies on a blood vessel, to which it is connected by a plexus
of fine channels (Chaves da Silva et al., 2012). In control prepa-
rations, there is <10% chance of observing cells (detected with
PI labeling) within the cavity (Figure 2E). Following r-AST1 injec-
tion, the incidence of finding cells in the cavity was unchanged at
24 hr, but increased sharply at 48 hr to 35% (Figure 2F).While still
above control levels at 72 hr, the chance of observing a cell in the
cavity dropped to <20%. These data suggest that between 24–
48 hr following r-AST1 injection, cells find their way to the
vascular cavity within the niche. The size and cytology of these
cells suggests that these are hemocytes, which would have
increased in the circulation by 12 hr following r-AST1 injection
(Figure 2A).
Ablation of Hematopoietic Tissue Reduces the Numbers
of Niche Cells, and r-AST1 Restores These Numbers to
Sham Levels
We hypothesized that if the number of niche cells and neuronal
precursors (BrdU-labeled cells in the niche) are indeed regu-
lated by the hematopoietic system and by circulating hemocyte
levels, then reducing the amount of hematopoietic tissue (HPT)
should diminish the number of cells in the neurogenic niche.
Indeed, ablating roughly half of the posterior HPT (Figure S2)
resulted in a significant reduction in the number of niche cells
after 7 days, to 68% of sham values (Figure 3A). However, if
r-AST1 is injected into the half-ablated (HA) crayfish 48 hr prior
to sacrifice, the number of niche cells is restored to sham
levels. These experiments show that cell numbers in the neuro-
genic niche are readily and predictably altered by manipulation
of the hematopoietic system, either by partial ablation of the
HPT (decrease in niche cell numbers) or by the release of cells
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Figure 2. Injection of r-AST1 into Crayfish Promotes Hemocyte Release and Is Correlated with an Increase in the Number of First- and
Second-Generation Neuronal Precursors
(A) Time course of hemocyte release after r-AST1 injection into P. clarkii. Total hemocyte counts (THC) were assessed at 6, 12, 18, 24, and 48 hr following r-AST1
injection into crayfish. The relative hemocyte count was calculated as the total number of hemocytes at each time point (black bars) divided by the hemocyte
count just prior to r-AST1 injection (dashed line). These data show that the greatest release of hemocytes occurs 12 hr following r-AST1 injection (p = 0.0002).
There also is a trend suggesting lower hemocyte levels 24 hr after injection (p = 0.06) and a return to control levels by 48 hr postinjection. N refers to the number of
crayfish from which hemolymph samples were taken. Data are shown as means ± SEM. The asterisk above the 12-hr histogram indicates statistical significance
(p% 0.05) compared with other time points.
(B) The number of PI-labeled cells in the niche were counted in control, sham, and r-AST1-injected crayfish at 24, 48, and 72 hr after injection. Increases in mean
niche cell counts relative to shamswere observed at 48 (ANOVA, F = 2.30, p < 0.0002) and 72 (ANOVA, F = 2.30, p < 0.001) hr after r-AST1 injection. N indicates the
number of niches that were counted. Data are shown as means ± SEM. Asterisks above histograms indicate statistical significance (p% 0.05) compared with
sham controls within each time period.
(C and D) By 48 hr after r-AST1 injection, the numbers of BrdU-positive cells in the niche (C) and streams (D) increase transiently (C, ANOVA, F = 2.33, p < 0.004; D,
ANOVA, F = 2.33, p < 0.0001). N indicates the number of niches that were counted. Data are shown as means ± SEM. Asterisks above histograms indicate
statistical significance (p% 0.05) compared with sham controls within each time period.
(E) Following r-AST1 injection, the chance of seeing cells in the vascular cavity increases. An image of a niche stained with the nuclear marker DAPI shows cells
(arrows) located in the vascular cavity (dotted outline) in r-AST1-treated animals, while niches without r-AST1 treatment rarely have cells in the vascular cavity.
Scale bar represents 20 mm.
(F) The chance of seeing cells in the vascular cavity following r-AST1 injection was quantified. Each histogram represents the mean of observations of ten or more
niches (N values in B also apply to this graph). N indicates the number of niches that were counted.
See also Figure S1.
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following r-AST1 injection (restoration of niche cell numbers
after ablation). The relatively brief time course of these experi-
ments indicates that the size of the niche cell population is
dynamically regulated by the hematopoietic system, consistent
with the response of the niche and precursor cell lineage to
r-AST1 injection (Figures 2B–2D). Because BrdU incorporation
into niche cells was not altered by HPT ablation, cell divisions
of the niche cells do not contribute to the change in total niche
cell numbers.
As a control to test for generalized responses of proliferating
tissues and overall health of the crayfish following HPT ablation,
the hepatopancreas also was examined to ask whether BrdU
labeling in this highly proliferative tissue was altered. No changes
in the proportion of BrdU-labeled cells in this tissue were
observed, indicating that cell proliferation in this organ was not
altered by the HPT ablation. Taken together, these data suggest
that the influence of hematopoietic tissue manipulation on the
neurogenic niche is not part of a generalized response, but rather
is a specific and localized effect. These results, as well as the
normal behavior and activity of HA animals, also provide evi-
dence that the surgeries did not adversely influence the health
of the crayfish.
The Number of Cells in the Neurogenic Niche Is
Correlated with Total Hemocyte Count
Based on the half-ablations of theHPT and r-AST1 rescue exper-
iments (Figure 3A), we hypothesized that the number of niche
cells is positively correlated with the total number of circulating
hemocytes. In another experiment where hematopoietic tissues
were ablated, niche cells and circulating hemocytes were
counted. When sham and ablated animals are grouped together,
the numbers of niche cells are positively correlated with THC
(R2 = 0.74). Such a strong correlation could be due to a common
upstream regulatory factor influencing both THC and niche cell
numbers. However, separating counts for sham and HPT-abla-
ted animals reveals even stronger correlations between THC
and niche cell numbers (shams, R2 = 0.92, Figure 3B; HPT-abla-
ted animals, R2 = 0.87, Figure 3C). This increase in the strength of
the correlation when sham and ablated animals are considered
independently suggests that manipulation of hematopoietic tis-
sues is responsible for the change in niche cell numbers. These
studies are consistent with the hypothesis that niche cells are of
hematopoietic origin, as proposed based on in vitro studies
(Beltz et al., 2011).
A Source of Neuronal Precursors Is Extrinsic to the
Niche
Prior studies have demonstrated that first-generation neuronal
precursors in crayfish are not self-renewing and therefore
must be replenished from a source extrinsic to the niche (Ben-
ton et al., 2011). The existence of such a source has been
confirmed by studies in which adult crayfish were injected
with BrdU. Labeling in the niche was then documented daily
for 1 week and subsequently at intervals until 21 days after in-
jection. The rationale for this experiment is that cells in S phase
in all tissues will incorporate BrdU. First-generation precursors
in the niche that are in S phase during the BrdU exposure period
will be labeled, as will cells in tissues that are a source of
neuronal precursors in the niche. However, we hypothesized
Figure 3. TheNumber of Cells in the Neurogenic Niche Is Attenuated
or Increased by Lowering or Raising Total Hemocyte Counts,
Respectively
(A) The numbers of propidium iodide (PI)-labeled cells in the niche are reduced
by partial ablation of posterior hematopoietic tissues. HPT-ablated crayfish
(HA) have a significantly lower number of niche cells comparedwith shams that
underwent partial surgeries but without the removal of any hematopoietic
tissues (ANOVA, F = 2.19, p < 0.002). Injection of r-AST1 into HA crayfish 48 hr
prior to sacrifice (HA+AST1) restores the niche cell counts to sham values.
Data are shown as means ± SEM.
(B and C) Total hemocyte counts (THC) and mean niche cell (PI) counts are
positively correlated, and the strength of the correlation is dependent on
treatment group (shams, R2 = 0.92; HPT ablated, R2 = 0.87).
See also Figure S2.
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that cells labeled in the source tissue that are destined to
become neuronal precursors will arrive at the niche after a
delay, because of the time required to complete their lineages,
be released and travel to the niche.
First-generation neuronal precursors in the niche (one to five
cells) are reliably labeled with BrdU on days 1–4 following the
exposure period (Figure 4), as shown in many previous studies
(Sullivan et al., 2007). On days 5–7 after treatment, BrdU+ cells
are no longer found in the niche because the BrdU <2-day
clearing time (Benton et al., 2011) is over, and the originally-
labeled cells have divided and exited the niche, migrating
toward Clusters 9 and 10. However, on days 8–14 following
BrdU exposure, intensely labeled cells are once again observed
in the niche. As BrdU is no longer available for renewed labeling
of neuronal precursors in the niche, our interpretation is that the
‘‘second wave’’ of labeled cells must have incorporated the
nucleoside while still in their source tissue (Figure 4). Further,
this bimodal curve of niche cell labeling following a single pulse
of BrdU has also been documented in P. leniusculus (I.S. and
B.S.B., unpublished data) and the hermit crabCoenobita clypea-
tus (S. Harzsch and B.S.B., unpublished data).
Adoptive Transfer of EdU-Labeled Hemocytes Results in
the Appearance of Labeled Cells in the Niche, Streams,
and Brain Clusters 9 and 10, Where They Express
Appropriate Neurotransmitters
Prior in vitro studies have implicated hemocytes as a source of
neuronal precursors supporting adult neurogenesis (Benton
et al., 2011). The influences of r-AST1 on the niche (Figure 2),
the effect of hematopoietic tissue ablations on the niche (Fig-
ure 3A), and the high correlations between THC and niche
cell counts (Figures 3B and 3C) reinforce this theory. There-
Figure 4. Actively Proliferating (BrdU-
Labeled) Cells in the Neurogenic Niche
Have a Bimodal Temporal Distribution
BrdU-labeled cells were quantified in the niches of
crayfish that were sacrificed daily for 1 week after
BrdU injection and at intervals thereafter for
21 days. The probability of observing BrdU-
labeled cells in the niche was then plotted for each
of the sampling days. BrdU-labeled cells are
observed in the niche on days 1–4 following in-
jection. On days 5–7, niches contain no BrdU-
labeled cells. However, between days 8–14 after
injection, BrdU+ cells are once again observed in
the niche. Images of representative niches are
included below the graph. PI, propidium iodide;
GS, glutamine synthetase. Scale bars represent
50 mm.
fore, to further test this hypothesis,
adoptive transfer methods were used
to assess the competence of hemocytes
as neuronal precursors in vivo. EdU, a
nucleoside analog of thymidine that is
incorporated into DNA during DNA syn-
thesis, was injected into donor crayfish
(P. clarkii and P. leniusculus) with the
goal of labeling actively proliferating pre-
cursor cells in hematopoietic tissues, which will later release
labeled hemocytes into the circulation. Blood was drawn
from the donors 3–9 days later and transferred directly to
recipient crayfish. EdU labeling of hemocytes was confirmed
by direct examination of cells in the hemolymph being trans-
ferred. These transfers were done after the EdU clearing time
and therefore EdU was not freely available in the transferred
sample. EdU was used because the detection of this label
does not require the use of antibodies that could bind nonspe-
cifically. Instead, EdU incorporation is revealed by a copper-
catalyzed covalent reaction between an alkyne (in the EdU)
and an azide (in the Alexa Fluor dye). Thus, any EdU labeling
observed in recipient crayfish must have originated in the
transferred donor cells.
By 3 days posttransfer, EdU-labeled cells populate the neuro-
genic niche (Figure 5A). These cells are similar in size and
morphology to other cells composing the niche and are immu-
noreactive for glutamine synthetase, as are other niche cells
and precursors in the neuronal lineage in P. clarkii. EdU-labeled
cells are observed in the migratory streams shortly thereafter
(Figure 5B). Within 10 days of transfer, EdU-labeled cells are
seen at the distal ends of the migratory streams (Figure 5C)
and in cell clusters 9 and 10, where adult-born neurons differ-
entiate. Finally, by 7 weeks after hemolymph transfer, the
EdU-labeled cells in Clusters 9 and 10 of recipient crayfish ex-
press transmitters appropriate for these neuronal types (Figures
5D and 5E). In Cluster 9 (Figure 5D) the EdU-labeled cells
contain immunoreactivity for orcokinin, while EdU-labeled cells
in Cluster 10 are SIFamide-immunoreactive (Figure 5E) (Sullivan
et al., 2007). These two peptide transmitters are characteristic
of subsets of neurons in the respective neuronal clusters (Ya-
suda-Kamatani and Yasuda, 2006) and demonstrate that the
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EdU-labeled cells have acquired properties typical of differenti-
ated neurons in these regions (Sullivan et al., 2007; Kim et al.,
2014). Following adoptive transfer of labeled hemocytes, EdU-
labeled cells were not incorporated into other rapidly prolifer-
ating tissues such as hepatopancreas or the hematopoietic
organ, indicating that the attraction of these cells to the niche
Figure 5. EdU-Labeled Cells Are Observed
in the Niche, Streams, and Clusters 9 and
10 of Recipient Crayfish after Adoptive
Transfer of EdU-Labeled Hemocytes from
Donor Animals
The schematic diagrams (top) illustrate the
experimental timeline for each sample (time after
transfer, A–E), and (bottom) the locations of the
EdU-labeled cells that were observed. Images in
(A), (B), and (D) are from P. clarkii; (C) and (E) are
from P. leniusculus.
(A) Three days after adoptive transfer of hemo-
cytes, EdU-labeled cells (red; arrows in Aii and
Aiii) are observed in the niche (Ai). Hoechst
33342 (cyan) labels nucleic acids in all niche
cells as well as nearby cells. The dashed line
indicates the margins of the niche. Aiii shows
the position of the EdU-labeled cells among
the Hoechst labeling of the niche cells, with
Hoechst (Ai) and EdU (Aii) separations and the
merged images (Aiii). Scale bars represent
40 mm (Ai–Aiii).
(B) Five days after hemocyte transfer, EdU-
labeled cells are again observed in the niche
(arrow, B) and in the proximal regions of the
streams near the niche (arrowhead, B). Scale bar
represents 40 mm.
(C) Ten days after hemocyte transfer, cells are
observed in the distal ends of the streams, near
Cluster 9 and Cluster 10 (arrow points to an
EdU-positive [red] cell). Immunoreactivity for
t-tubulin (blue) highlights the niche and streams,
which are also outlined. Scale bar represents
30 mm.
(D) Seven weeks after adoptive transfer of
EdU-labeled hemocytes from donor to recipient
crayfish, EdU-labeled cells (red) are observed
in cell clusters 9 and 10. Some of these cells
in Cluster 9 express orcokinin, a peptide trans-
mitter used by many Cluster 9 cells. Scale bar
represents 10 mm.
(E) Seven weeks after transfer of EdU-labeled
hemocytes, EdU-labeled cells in Cluster 10 are
immunoreactive for SIFamide, a transmitter of
Cluster 10 neurons. E shows the separate
channels for each fluorophore as well as the
merged images (lower right). Scale bar repre-
sents 10 mm.
and their progression through the neuro-
genic lineage is a specific, localized
result.
As an additional control for the speci-
ficity of these interactions, cells from the
hepatopancreas were labeled in donor
crayfish and transferred to recipients us-
ing the same methods as for hemocytes.
However, no labeled cells were observed in the neurogenic
niche, streams, or brain cell clusters following these transfers.
This demonstrates that incorporation of EdU into neuronal pre-
cursors in recipient animals is not a general outcome of cell trans-
fers, but rather is a result specific to hemocytes, which argues
against cell fusion events as a basis for our findings.
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DISCUSSION
Regulation of Adult Neurogenesis by the Innate Immune
System
These studies demonstrate a close and direct relationship
between the innate immune system and mechanisms of adult
neurogenesis in the crustacean brain (Figure 6). First, the im-
mune system regulates the neuronal precursor lineage through
the release of AST1, which promotes the release of hemocytes
from hematopoietic tissues and also increases niche cell
numbers and the rate of BrdU incorporation into cells in the niche
and streams. Second, total hemocyte counts are positively
correlated with the numbers of cells composing the neurogenic
niche; manipulation of circulating hemocyte levels results in
highly predictable changes in the number of niche cells. These
data show that the neurogenic niche is dynamically regulated
by the immune system.
The Pool of First-Generation Neuronal Precursors in the
Niche Must Be Replenished
The first-generation neuronal precursors in the adult crayfish
brain are not self renewing and yet these are never exhausted
throughout the long lives of these animals (Benton et al., 2011,
2013). We therefore concluded that the niche is not a closed sys-
tem, and the pool of neuronal precursors must be replenished
from a source extrinsic to the niche. The niche lies on a blood
vessel and communicates with the circulation, but is otherwise
physically isolated (Sullivan et al., 2007). For this reason, we
tested the interaction between hemocytes and the niche
in vitro and discovered that hemocytes (but not other cell types
tested) are attracted to the niche (Benton et al., 2011). These
cells extend processes into the niche and within 6 hr of intro-
duction to organ cultures are integrated among niche cells,
becoming immunoreactive for the niche marker glutamine syn-
thetase. Further, serotonin immunoreactivity lines the vascular
cavity of the niche, and the attraction between hemocytes and
the niche is eliminated by interfering with serotonergic functions.
These experiments suggested that hemocytes may be attracted
to the niche at least in part by a serotonergic signaling mecha-
nism. Collectively, these data indicated that hemocytes might
be one source of neuronal precursors responsible for adult neu-
rogenesis in the crustacean brain.
Mind the Gap: Evidence for an Extrinsic Source of
Neuronal Precursors
The current experiments confirm the presence of an extrinsic
source of neuronal precursors by documenting BrdU labeling in
niche cells long after the initial labeling period and BrdU clearing
time. After a single injection of BrdU, labeling for this nucleoside
in niche cells was observed in groups of crayfish at intervals
overa21dayperiod. In thefirst 4days following injection,between
one and five niche cells were intensely immunoreactive for BrdU,
consistent with many prior studies (Sullivan et al., 2007; Song
et al., 2009). However, by day 5 following BrdU injection, niches
were devoid of BrdU immunoreactivity, as shown previously.
The present datademonstrate that following this ‘‘gap’’ inBrdU la-
beling, intensely labeled cells were once again observed in the
niche, 8 days after the original injection of BrdU. This is precisely
what would be expected if the turnover in the source tissue(s),
release and travel time to the niche are taken into account. Given
that the BrdU had long since cleared from the system, no new
incorporation of BrdU was possible after the gap in labeling.
Further, all of the original BrdU-labeled cells had divided and
migrated away from the niche toward brain cell clusters 9 and 10
(Benton et al., 2011). We therefore conclude that BrdUwas incor-
porated into these late-appearing BrdU+ cells while in their source
tissue(s), during the initial labeling period following BrdU injection
on ‘‘day 0.’’ Further, the period between ‘‘day 0’’ and the second
peak (days 8–14) is indicative of the time that must be necessary
for the source-labeled cells to complete their lineage in the source
tissue, mature and be released, and become integrated into the
niche. In addition, the length of the second peak is likely to reflect
the turnover time of the cell population in the source tissue.
Hemocytes Produce Differentiated Neurons
When hemocytes labeled with EdU in donor crayfish were trans-
ferred to recipient crayfish, labeled cells rapidly populated the
Figure 6. Current Model of Hematopoietic and Niche Cell Relation-
ships
Based on our experimental data, we propose that the niche cells are derived
from cells produced and released by hematopoietic tissues. These circulating
hemocytes access the niche via the circulation and are attracted to the niche at
least in part by serotonergic mechanisms. The daughters of the first-generation
neuronal precursors migrate along streams and during this migration they un-
dergo lineage-dependent influences before arriving at Clusters 9 and 10, where
they differentiate into neurons. The current article contributes to our under-
standing of the role of the hematopoietic system in this process (items in red
boxes). Previously published studies relevant to aspects of thismodel are cited.
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neurogenic niche, even though the labeled donor cells composed
fewer than1%of the circulating hemocytes. Further, cells contain-
ing nucleoside label were observed in the migratory streams, the
normal route by which second-generation neuronal precursors
travel from the niche to brain cell clusters 9 and 10. By 7 weeks
after transfer, EdU-labeled cells were found in cell clusters 9
and 10, and these cells expressed the transmitter substances
that are characteristic of these cell types. Hepatopancreas cells,
labeled and transferred using the same methods as hemocytes,
show none of these features. The current experiments demon-
strate that cells harvested from the circulation and transferred
directly to a recipient can become neuronal precursors.
Prior studies have demonstrated that thymidine analogs from
grafted cells can be transferred into dividing host cells, including
neural precursors, in vivo (Burns et al., 2006). Other studies have
shown that cell fusion events (e.g., phagocytosis) can underlie
translocation of the label from a transferred cell to a cell in a recip-
ient animal (Coyne et al., 2006). We believe that the results of
hemocyte transfers in crayfish are not subject to these same con-
cerns for several reasons. First, the transferred cells are injected
as live cells into the circulation of host crayfish. This does not
involve surgery or grafting, as in prior studies and therefore may
provoke less inflammatory response. Nevertheless, assuming
that some transferred cells dodie and release their contents, these
are in such small numbers compared with the circulating hemo-
cytes and blood volume of the host crayfish (see Experimental
Procedures), that it is unlikely the release of nucleoside could be
incorporated into other dividing cells in sufficient quantities to
result in an effective label. If phagocytosiswas involved, thencyto-
plasmic labeling (but not nuclear labeling) might be expected.
Our studies involve the attraction of the transferred cells to the
neurogenic niche, a process that is likely to be highly selective.
Consistent with this assumption, transfer of labeled hepatopan-
creas cells into recipient crayfish does not result in any labeled
cells in the niche, migratory streams or brain cell clusters. This
demonstrates both that the nucleoside is not transferred from
donor cells to host cells and that the attraction to the niche is
not a general property of transferred cells. Conversely, trans-
ferred hemocytes are not incorporated into hepatopancreas or
hematopoietic tissues, although these tissues are rapidly prolif-
erating, also suggesting that the interaction of donor hemocytes
with the niche involves a specific attraction. Finally, the progres-
sion of transferred labeled hemocytes through the neuronal line-
age to a differentiated neuronal phenotype involves many levels
of engagement. These include signaling pathways underlying
attraction to the niche (e.g., serotonin) (Benton et al., 2011;
Zhang et al., 2011), specific migratory mechanisms (e.g., nucle-
okinesis) (Zhang et al., 2009), and expression of genes coding for
appropriate neurotransmitters (e.g., orcokinin [Cluster 9 cells];
SIFamide [Cluster 10 cells]) (Sullivan et al., 2007). Our experi-
ments therefore suggest that hemocytes are competent to
become neuronal precursors and that these successfully
respond to this sophisticated series of challenges.
CONCLUSIONS
These data are in contrast to models of stem cell generation in
mammals that propose the capability of long-term self-renewal.
The first-generation neuronal precursors residing in the crayfish
brain, which are functionally analogous to neural stem cells in
mammals, are not self-renewing. Three types of experiments
support this claim. First, the first-generation neuronal precursors
in the niche do not retain nucleoside labels (Benton et al., 2011).
This is also clear in the current experiments where the timeline of
niche cell labeling following a single BrdU pulse is plotted and a
gap in BrdU labeling occurs (Figure 4). Second, cells in the niche
undergo geometrically symmetrical divisions, and pairs of cells
stay together as they begin to traverse the streams, also sug-
gesting that both daughters migrate from the niche (Zhang
et al., 2009). Third, the size of the labeled niche cell pool following
increasing incubation times in BrdU (6 hr–10 days) was docu-
mented; if divisions are self-renewing (as in embryos), one might
expect increasing numbers of BrdU-labeled cells in the niche
with increasing incubation times, provided that the speed of
migration is relatively slow (as indicated by our double-nucleo-
side labeling studies). However, no more than four cells were
found in the niche regardless of BrdU incubation time (Benton
et al., 2011). These three types of data therefore all indicate
a lack of self-renewal among the first-generation neuronal pre-
cursors in the niche.
Prevailing thought also suggests that cells derived from one
embryonic germ layer do not normally contribute to tissues orig-
inating from a different germ layer (transdetermination or trans-
differentiation). However, our studies indicate that cells from
the innate immune system can be a source of neuronal precur-
sors in the adult brain, i.e., that cells derived from mesodermal
tissues contribute to an organ that forms embryonically from
ectoderm. Indeed, there is strong evidence that adult stem cells
can contribute progeny to tissues originally derived from nonme-
sodermal germ layers. Adoptive transfer experiments in rodents
and humans show that mesenchymal stem cells are capable
of differentiating not only into a variety of mesodermal cell types,
but also into neurons in the adult brain (Brazelton et al., 2000;
Mezey et al., 2000, 2003). Thus it was concluded, ‘‘.bone
marrow can make brain.’’ (Cogle et al., 2004). However, this
interpretation was tempered by later work suggesting that the
neuronal phenotype may have been induced by secreted factors
or resulted from cell fusion, rather than from natural physiological
mechanisms (for review, seeMaltman et al., 2011; Mezey, 2011).
The belief that neural stem cells undergo long-term self-renewal,
and thus do not need to be replenished, has also influenced the
perceived significance of the original findings. However, in the
crustacean brain, where the first-generation neuronal precursors
do not self-renew, a source of neural stem cells is necessary
to replenish the pool of first-generation neuronal precursors in
the niche. Considering the results cited here and our previously
published work, it is likely that hemocytes are a natural source
of first-generation neuronal precursors supporting adult neuro-
genesis in the crayfish brain. The current studies therefore sug-
gest that one point of intersection between the immune system




Experiments were conducted using the freshwater crayfish (Procambarus
clarkii) maintained in the Animal Care Facility at Wellesley College. Crayfish
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were kept at room temperature on a 12/12 light/dark cycle in aquaria contain-
ing artificial pond water (double-distilled water with added trace minerals and
sodium bicarbonate as a buffer). Adoptive transfer studies also were done at
Uppsala University using Pacifastacus leniusculus housed in groups in large
tanks with running fresh pond water and a 15/9 light/dark cycle.
Astakine Injection
Recombinant-AST1 (r-AST1) was generated in the laboratory of I.S. using an
Escherichia coli expression system, as described in Lin et al. (2010). Crayfish
(15–25 g; 17–20 mm carapace length [CL]) were injected at 18:30 with r-AST1
(Trx-S tag-astakine 1; 0.05 mg/g animal weight in crayfish saline: 205mMNaCl,
5.4 mM KCl, 34.4 mM CaCl2, 1.2 mM MgCl2, and 2.4 mM NaHCO3).
Total Hemocyte Counts following Astakine Injection
Hemolymph samples were taken from crayfish at 6, 12, 18, 24, and 48 hr after
R-AST1 injection. Hemolymph was drawn from the dorsal sinus or from the
base of the leg using a 1 ml syringe and diluted 1:2 with a cold anticoagulant
solution of citrate buffer/EDTA (NaCl 0.14 M, glucose 0.1 M, trisodium citrate
30 mM, citric acid 26 mM, EDTA 10 mM, pH 4.6). Blood samples were mixed
with 0.4% Trypan Blue solution and transferred to a hemocytometer for
quantitative assessment (Figure 2A).
Niche Cell Counts and Quantitative Assessment of the Neuronal
Precursor Cell Lineage
Crayfish (17–20 mm CL) were separated into three groups: controls, sham-
injected, and r-AST1-injected. R-AST1 was injected as described above,
and shams were injected with the same volume of crayfish saline. Crayfish
were maintained in pond water with 5-bromo-20-deoxyuridine (BrdU;
2 mg/ml; Sigma, B5002) for 24, 48, or 72 hr. Following dissection and fixation,
standard immunocytochemical methods were used. Confocal images of the
brains were used to count PI (or DAPI)-stained cells in the niche and BrdU-
labeled profiles in the niche, streams, and cell clusters 9 and 10.
Total Niche Cell Counts
All cells labeled for both glutamine synthetase (GS) and either PI or DAPI
(nuclear stains) in the region of the niche were considered ‘‘niche cells’’ and
were included in the niche cell counts. If a cell was labeled with PI or DAPI
without GS label, this was excluded from the counts.
BrdU-Labeled Cell Counts
The numbers of BrdU-labeled cells in the niche, migratory streams,
and proliferation zones in Clusters 9 and 10 were counted blindly by individ-
ual observers. A single optical section was projected onto the monitor
and the labeled cells traced onto a single transparent sheet. This was
repeated for each optical section and the cell profiles then counted from
the sheet.
Immunohistochemistry
Brains were dissected, fixed overnight in 4% paraformaldehyde in 0.1 M
phosphate buffer (PB; 20 mM NaH2PO4, 80 mM Na2HPO4; pH 7.4), and pro-
cessed using standard immunohistochemical methods as described in Zhang
et al. (2009). The following primary antibodies were used: rat anti-BrdU (1:50;
Accurate Chemical); anti-glutamine synthetase (GS; 1:100; BD Biosciences);
anti-tyrosinated tubulin (1:1000; Sigma-Aldrich). The complimentary second-
ary antibodies (Jackson ImmunoResearch Laboratories) were goat anti-rat
IgG-CY2 or CY3 (to detect BrdU); goat-anti-mouse IgG-Cy5 (for GS). After
rinsing, brains were stained with the nucleic acid marker PI (1:100, Sigma) or
DAPI (40,6-diamidino-2-phenylindole; Molecular Probes) and mounted using
Fluoro-Gel (Electron Microscopy Sciences).
Hematopoietic Tissue Ablations
Four groups of crayfish (20–25 mm CL) were assessed: control, sham, half-
ablation (HA), and HA plus r-AST1. All crayfish except controls were placed
on ice for 20 min prior to, and during, the procedure. A rotary drill (Dremel
Tools) was used to make an incision in the dorsal cephalothorax, which was
removed, and the posterior HPT exposed. For the HA and HA plus r-AST1
groups, an incision was made on one side, 1 mm from the dorsal median
artery, and the HPT was teased away and removed. For the sham group,
the dorsal cephalothorax was removed and the HPT was exposed (but
untouched) for !5 min, the time required to remove the HPT in the ablated
animals. The outer carapace was reattached by melting dental wax over the
incision site, and animals were returned to tanks.
All animals were injected with BrdU (0.5 ml of 5 mg/ml BrdU) 5 days after
surgery, 48 hr prior to sacrifice. The HA + AST1 group was injected 48 hr prior
to sacrifice with 0.5 ml of 5 mg/ml BrdU and r-AST1 (0.05 mg/g animal weight in
crayfish saline). All crayfish were killed on day 7 after surgery.
In order to correlate THC and niche cell numbers in crayfish after HPT
manipulations, sham (n = 4) and HPT-ablated (n = 7) crayfish (18–20 mm CL)
were prepared as described above. Hemolymph samples were taken 24 hr
prior to animal sacrifice and hemocyte counts were determined. After killing
the crayfish, brains were dissected, fixed, and processed immunocyto-
chemically for GS and stained with PI, and THC and niche cell counts were
performed.
As a control for the health of the crayfish following hematopoietic ablations,
BrdU incorporation into the hepatopancreas was assessed. Hepatopancreas
tissue was severed, processed for BrdU and PI, and then sliced into 10 mm
sections using a Vibratome. Each piece of hepatopancreas is comprised of
multiple bunches of hair-like fronds. BrdU labeling is confined to the lateral
and anterior edges of these fronds. Because the fronds vary in size, the ratio
between proliferating (BrdU and PI-labeled) and nonproliferating (PI-labeled
only) cells was used. To determine the x and y axis counting limits, a line
was drawn beneath the farthest posterior BrdU-labeled cell, as close to
possible to a 90" angle from the tip of the frond. The z axis counting limits
were determined by looking for the very first and last faint traces of the BrdU
label in each piece of tissue.
BrdU Injection and Niche Analysis over 21 Days
BrdU (5mg/ml) was injected into adult crayfish (30–35mmCL). Groups of cray-
fish were sacrificed each day for the first week after injection and at intervals
for the next 2 weeks. Brains and their associated niches were dissected and
processed immunocytochemically for BrdU and GS (as above), stained with
PI, mounted and examined with the confocal microscope.
Adoptive Transfer of Hemocytes
Donor crayfish (35–40 mm CL) were injected with 200–300 ml of EdU (0.02–
0.2 mg/ml crayfish saline) and then returned to artificial pond water until hemo-
lymph (200–300 ml) was withdrawn (3–5 days after EdU injection). Hemolymph
was expelled from the syringe into an Eppendorf tube containing cold antico-
agulant buffer (100–200 ml; NaCl, 0.14 M; EDTA, 10 mM; trisodium citrate,
30 mM; citric acid, 26 mM; glucose, 0.1 M; pH 4.6) and gently mixed. Using
a new cold syringe and needle, 200 ml of solution containing labeled hemo-
cytes was injected into recipient crayfish, which were then returned to their
tanks. After dilution in the recipient hemolymph, <1% of circulating cells
contained EdU label.
Recipient crayfish were killed between 3 days and 7 weeks after hemocyte
transfers. Brains were dissected and processed with the ClickIt method for
EdU detection and using standard immunocytochemical protocols (see above)
for GS (P. clarkii) or t-tubulin (P. leniusculus) (and orcokinin and SIFamide for
long-term transfers). Brains were stained with Hoechst 33342 and examined
using the confocal microscope.
SIFamide and Orcokinin Antibody Specificities
To test for transmitter differentiation after long-term transfers, polyclonal
rabbit anti-SIFamide (1:5,000; a gift from Dr. A. Yasuda) and polyclonal
rabbit anti-orcokinin (1:5,000; a gift from Dr. H. Dircksen) were used.
The rabbit anti-SIFamide antibody was raised against the SIFamide peptide
(GYRKPPFNGSIFamide) conjugated to bovine serum albumin; staining with
this antiserum in P. clarkii is colocalized with in situ hybridization for the
mRNA for the same neuropeptide (Yasuda et al., 2004; Yasuda-Kamatani
and Yasuda, 2006). The rabbit anti-orcokinin antibody was raised against
a thyroglobulin conjugate of [ASN13] orcokinin (NFDEIDRSGFGFN; Bungart
et al., 1994). All staining with this antiserum in the crayfishOrconectes limosus
was abolished when the diluted antibody was preincubated with 50 nM of the
immunizing peptide (Dircksen et al., 2000).
Confocal Microscopy
All imaging was done using a Leica TCS SP5 confocal microscope equipped
with argon 488 nm and 561 and 633 nm diode lasers. Serial optical sec-
tions were taken at 0.5–1 mm intervals and saved as 3D stacks and 2D
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projections. Image preparation and assembly were done in Photoshop 7
(Adobe Systems).
Data Analysis and Statistics
Data are presented as mean ±SEM. Comparisons between different groups
of animals were made with Student’s t tests (Figure 2A) or one-way ANOVA
analysis followed by Tukey’s multiple comparison tests (Figures 2B–2D, 3A,
and S1) (JMP; SAS Institute).
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Insights & Perspectives
Adult neural stem cells: Long-term self-
renewal, replenishment by the immune
system, or both?
Barbara S. Beltz*, Emily L. Cockey, Jingjing Li, Jody F. Platto, Kristina A. Ramos and
Jeanne L. Benton
The current model of adult neurogenesis in mammals suggests that adult-born
neurons are generated by stem cells that undergo long-term self-renewal, and
that a lifetime supply of stem cells resides in the brain. In contrast, it has recently
been demonstrated that adult-born neurons in crayfish are generated by
precursors originating in the immune system. This is particularly interesting
because studies done many years ago suggest that a similar mechanism might
exist in rodents and humans, with bone marrow providing stem cells that can
generate neurons. However, the relevance of these findings for natural
mechanisms underlying adult neurogenesis inmammals is not clear, because of
uncertainties at many levels. We argue here that the recent findings in crayfish
send a strong signal to re-examine existing data from rodents and humans, and
to design new experiments that will directly test the contributions of the immune
system to adult neurogenesis in mammals.
Keywords:.adult neurogenesis; blood; blood brain barrier; bone marrow; hemocyte;
mesenchymal stem cell
Introduction
It has been nearly two decades since
studies inmammals, including humans,
suggested that cells from bone marrow
are capable of migrating into the brain
and generating glia and neurons [1–5].
The potential applications of these
findings for regenerative medicine are
indisputable. However, the possible
significance of bone marrow as a
natural source of neuronal precursors
is less clear, for reasons summarized
below. Data from a non-vertebrate
model now point to precisely this
mechanism – the immune system
providing neuronal precursors respon-
sible for adult neurogenesis – as a
normal physiological process [6]. Might
this mechanism be conserved in later
branches of the metazoan phylogeny, as
are so many aspects of neuronal devel-
opment and function? This possibility
and the existing literature on the
relationship between bone marrow
and brain in mammals will hopefully
motivate new studies specifically testing
the contribution of the immune system
to adult neurogenesis. Such studies may
be of vital importance in understanding
neurological conditions and diseases
that have been associated with adult
neurogenesis [7]. If adult neurogenesis
in mammals is dependent on the
immune system in critical ways, as is
apparently the case in some decapod
crustaceans, our understanding of the
etiology of these diseases will advance
and thereby reveal new therapeutic
opportunities via the immune system.
Cells from the immune
system generate adult-
born neurons in a non-
vertebrate model
Our research group has recently pub-
lished findings demonstrating that the
immune system is the source of neuro-
nal precursors underlying adult neuro-
genesis in the crayfish Procambarus
clarkii and Pacifasticus leniusculus [6].
As in other decapod crustaceans, neuro-
genesis persists in the adult brains of
these organisms, and there are many
structural and mechanistic parallels
with adult neurogenesis inmammals [8].
The 1st-generation neuronal precursors,
which are functionally analogous to
neuronal stem cells in vertebrate spe-
cies, reside in a vascularized neurogenic
niche that has many of the same
features as neurogenic niches in
DOI 10.1002/bies.201400198














mammals [8, 9] (Fig. 1). Their daughters,
the 2nd-generation precursors, migrate
along processes of bipolar niche cells
to arrive at two brain cell clusters
that contain interneurons in the olfac-
tory and accessory (multimodal) path-
ways [10]. These precursors then divide
at least once more, finally differentiat-
ing into neurons that are indistinguish-
able from other mature neurons in these
clusters in terms of their transmitter
types and targets [11, 12]. The produc-
tion of adult-born neurons in crustacean
species is also sensitive to many of the
same environmental and endogenous
factors as in mammals, including circa-
dian phenomena [13], seasonality [14],
serotonin levels [15], nitric oxide [16],
physical activity [17], and environmen-
tal enrichment [18, 19].
A critical distinction between adult
neurogenesis in crustaceans and mam-
mals is that the 1st-generation neuronal
precursors in crayfish are not self-renew-
ing [20, 21]. This has been unequivocally
demonstrated using pulse-chase double
nucleoside labeling (e.g. 5-bromo-20-
deoxyuridine [BrdU], followed after an
interval by 5-ethynyl-20[EdU]) [20]. This
experiment has shown that the 1st-
generation neuronal precursors in the
niche do not retain BrdU as would be
expected if these divisions were self-
renewing. Further, both daughters of
these divisions (the 2nd-generation
precursors) migrate away from the
niche towards the proliferation zones
(see Fig. 1). Rapid cycling of the niche
precursors (and hence dilution of the
BrdU label) cannot explain these results
because the cycle time of these cells is
!48 hours [20]. However, in spite of the
absence of self-renewal among these
1st-generation precursor cells, the neu-
rogenic niche is never depleted, and
neurons continue to be generated
throughout the long lives of these
animals (up to 20 years for some
species). This suggests that the neuro-
genic niche in crayfish is not a closed
system, and that 1st-generation neuro-
nal precursors must be replenished
from a source extrinsic to the niche.
The presence of an extrinsic source of
neuronal precursors was confirmed with
an experiment inwhich crayfish received
a single injection ofBrdU, and labeling in
the niche was documented daily for
1 week, and at longer intervals until
21 days after injection (Fig. 2) [6]. Ondays
1–4 after injection, precursor cells in the
niche were BrdU-positive, as previously
shown (e.g. [8, 20, 22]). There was no
labeling on days 5–7 because the BrdU
clearing time (<2 days; [20]) was over,
and the cells that were originally labeled
by the BrdU pulse had divided and the
daughtersmigratedaway from theniche,
towards the brain cell clusters. However,
on days 8–14 following BrdU exposure,
intensely labeled cells were again found
in the niche. As BrdU was no longer
available for renewed labeling of neuro-
nal precursors in the niche at these time
Figure 1. A model summarizing the events leading to the production of olfactory and
accessory lobe interneurons in the adult crayfish brain. The cellular machinery consists of a
neurogenic niche containing 1st-generation neural precursors, migratory streams containing
2nd-generation precursors, and two clusters of olfactory interneurons (clusters 9 and 10). The
spatial relationships between these regions are indicated in the schematic drawing, supple-
mented with a representative image of BrdU-labeled (red) cells in the niche and proximal parts
of the migratory streams, which are labeled with an antibody to glutamine synthetase (blue).
First-generation precursors in a neurogenic niche divide symmetrically, both daughters migrating
to proliferation zones (MPZ, LPZ) in clusters 9 and 10, where they divide at least once more
before progeny differentiate into neurons. Solid black arrows next to the streams indicate the
direction of migration; blue circular arrows indicate locations of cell divisions. The niche is
connected to the blood system via a central ‘‘vascular cavity’’ in the niche, illustrated in the
diagram (asterisk), and appearing as a black region in the center of the niche image. Hoechst
(cyan) labeling of niche cell nuclei is also shown. Scale bar: niche image, 50mm.
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points, our interpretation is that these
late-appearing BrdU-positive cells must
have incorporated the nucleoside while
still in the source tissue. Thus, the
presence of the gap in labeling between
days 5 and 7 confirms that the nucleoside
has cleared and that no BrdU was
retained in the niche precursor cells,
while the second peak indicates the
arrival of source-labeled cells in the
niche [6].
The identity of the source tissue for
neuronal precursors in the niche has
been investigatedboth invitro [20] and in
vivo [6]. Hemocytes, but not other cell
types, were attracted to the niche in
short-term co-cultures [20]. Adoptive
transfer experiments in which EdU-
labeled hemocytes from a donor were
transferred to recipient crayfish, demon-
strated that donor-labeled hemocytes
rapidly find their way to the recipient
neurogenic niche – but not to other
rapidly-proliferating tissues (e.g. hepa-
topancreas)[6]. Additional observations
demonstrated that donor cells not only
invade the niche, but also traverse the
migratory streams and populate the two
brain clusters where adult-born neurons
arenormally found.Further, after several
weeks, these donor-labeled cells express
neurotransmitters that are appropriate
for the olfactory interneurons that
occupy these cell clusters [6]. Finally,
labeled hepatopancreas cells transferred
from the donor to the recipient crayfish
were not attracted to the niche, thus
showing that theattraction of transferred
hemocytes to theniche isahighlyspecific
phenomenon that cannot be attributed
either toa transfer of the label to recipient
cells or to cell fusion events – two doubts
thatwere raisedabout theprior studies in
mammals (e.g. [23, 24]). These studies
also ruled out persistent neuroblasts (i.e.
traditional ectodermal precursors of
neurons) as a source of adult-born






Experiments in crayfish have demon-
strated that cells from the innate
immune system generate adult-born
neurons [6]. These data challenge the
canonical view that the ectodermal
origins of embryonic neural tissues are
the sole source of neurons in the adult
brain. Indeed, platyhelminths and
acoels provide the only other examples
of a life-long non-ectodermal source of
neurons; in these species, pluripotent
stem cells (neoblasts) replenish all cell
types in the organism, including neu-
rons [26, 27].
Historically, invertebrate species
have contributed in vital ways to our
understanding of the nervous system,
and evolution has often provided critical
clues to neuronal function. Prime exam-
ples are the experiments using the squid
giant axon that first elucidated the ionic
currents underlying the action poten-
tial [28], and work in Aplysia californica
demonstrating the synaptic basis of
learning and memory [29]. Studies such
as theseunderscore theoftenhighdegree
of evolutionary conservation in funda-
mental neural mechanisms [30]. There is
a long history of contributions from non-
vertebrate organisms that have led the
way towards new understanding in the
mammalian brain. With this perspective
in mind, it is therefore intriguing to
entertain the possibility that the immune
system inmammals, andperhapseven in
humans, provides neural stem cells
underlying adult neurogenesis. The
many studies reviewed below suggest
that cells from bone marrow, and specif-
ically mesenchymal stem cells, do have
the capacity to generate neurons. The
ultimate question is whether this is a
natural, ongoing mechanism for replen-
ishment of neural stem cells in the
mammalian brain, as proposed over a
decade ago [1, 31].
Bone marrow and brain:
Are neuronal stem cells
replenished in mammals?
The proposal in crayfish that cells from
the immune system play a central role in
adult neurogenesis is not a novel idea.
The existing literature includes many
studies suggesting that the immune
system in mammals may also be capable
ofprovidingneuronalprecursors. Invitro
work has shown that bone marrow cells
can be induced by various means to
express neuronal properties, including
electrical responsiveness to depolarizing
stimuli [32–35]. Further, a subset of
Figure 2. Actively proliferating (BrdU-labeled) cells in the neurogenic niche have a bimodal
temporal distribution following a single injection of BrdU. BrdU-labeled cells were quantified
in the niches of crayfish that were sacrificed daily for 1week after injection, and at intervals
thereafter for 21 days. The probability of observing BrdU-labeled cells in the niche was then
plotted for each of the sampling days. BrdU-labeled cells are observed in the niche on days
1–4 following injection. On days 5–7, niches contain no BrdU-labeled cells. However,
between days 8–14 after injection, BrdU-labeled cells are once again observed in the niche.
(Figure adapted from [6]).
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hematopoietic progenitor cells that were
not pre-treated with neuralizing agents
expressed specific neural or oligoden-
droglial genes [36, 37], and when CD34þ
cells were transplanted into adult brain,
cells containing neural and glialmarkers
segregated into non-overlapping popu-
lations [36]. Thus, expression of neural
proteins by a subset of bone marrow-
derived cells requires no specific induc-
tion, and it is therefore concluded that
some bone marrow cells naturally
express neural or glial genes. Ex vivo
studies have further shown that an
unselected [3, 31, 38, 39] or selected [40]
sub-population of cells from bone mar-
row, or cells derived from cultured bone
marrow cells (e.g. [41, 42]), tend to
migrate to the brain and express neuro-
nal markers. Very few exceptions to this
trend have been published (e.g. [43]; but
see response in [5]).
The prevailing interpretation of
these studies has been that while bone
marrow cells can generate new neurons
in the adult brain, this is not a normal
physiological process. However, two
retrospective studies in humans [1, 5]
that used sex-mismatched female bone
marrow transplantation patients per-
haps provide the most compelling data
related to the possibility of bonemarrow
as a source of neural stem cells. While
the neuronal yield was relatively small
in the human studies (2-5 Y-positive
neurons per 10,000 [5], and 1% of
hippocampal neurons [1]), particularly
compared to adoptive transfers of bone
marrow in mice, the presence of these
transgender neurons in humans dem-
onstrated that bone marrow cells can
migrate to brain tissues; once there,
these differentiate into cells that express
neuronal markers and are morpholog-
ically indistinguishable from nearby
resident neurons. Cell fusion and the
possibility of microchimerism were
ruled out either in the initial study [1]
or in follow-up studies [44]. Another
concern with these adoptive transfers
was the possible influence of radiation
on the permeability of the blood brain
barrier (BBB) [45–47], and whether
mesenchymal stem cells were able to
cross into the brain only because the
integrity of the barrier was compro-
mised. Studies have demonstrated that
the BBB also is compromised during
brain inflammation or injury, and that
trafficking of leukocytes across the BBB
is upregulated during these periods [48].
Transmigration of leukocytes (diaped-
esis or extravasation) occurs by both
paracellular (between endothelial cells
of the BBB) and transcellular (through
individual endothelial cells) routes [49,
50], and mechanisms of leukocyte
transmigration have been described.
However, it is not clear whether mes-
enchymal stem cells can use similar
mechanisms to cross the BBB [51]. In
mouse models of ischemic stroke and
Alzheimer’s disease, mesenchymal stem
cells introduced intravenously were
able to cross the BBB and migrate into
the brain, but it is assumed the BBB is
compromised in these situations and
that this migratory ability may not
represent an active mechanism in a
healthy individual [52, 53]. Mesenchy-
mal stem cells do express some chemo-
kines and cell adhesion molecules that
are associated with leukocyte homing
behavior [54, 55], but experiments
directly testing the interactions between
mesenchymal stem cells and endothe-
lial cells have yielded inconsistent
results regarding the potential for trans-
migration of mesenchymal stem cells
across the BBB under healthy circum-
stances [56–60]; reviewed in [51].
Conflicting explanations
led to a stalemate and
many unanswered
questions
Whyhas the response to thebonemarrow
transplant data in mammals been so
muted? First, several alternative inter-
pretations have been proposed. Among
these, it was shown that bone marrow
cells transplanted to the hippocampus or
striatumof theadult brain canbe rejected
by an inflammatory response and can
transfer their donor label to neurons and
glia in the host [24]. The use of BrdU or
other nucleosides as the donor cell label
was cited as particularly vulnerable in
terms of transference to cells in the
recipient, as label from dead cells or
fibroblasts also found its way into
neurons and glia; methods based on
thymidine analogs were therefore
thought to be especially unreliable [23].
Other studies found that adult hemato-
poieticstemcellsshowlittleplasticity[61],
suggesting that cell fusionmight account
for the acquisition of broad properties by
descendant lineages [62–64]. However,
cell fusion-independent differentiation
of neural stem cells into cells in the
endothelial lineage has also been docu-
mented in vitro [64], suggesting that
transdifferentiation can occur without
cell fusion. Finally, there is strong
evidence that mesenchymal, hemato-
poietic, and neural stem cells play
important roles in regulating trophic
factors and cytokines in vivo [66–68],
suggesting that the introduction of these
cells from donor to recipient may trigger
responses that could (perhaps in combi-
nation with cell fusion) explain the
apparent expansion of labeled donor cell
populations in recipient tissues. In sum,
these studies cited specific concerns
related to the approach and technologies
being used in adoptive transfer studies,
which weakened the impact of findings
in terms of the possible significance of
mesenchymal stem cells as precursors
of neurons by natural physiological
mechanisms.
Do stem cells undergo
long-term self-renewal?
The discussion surrounding mesenchy-
mal stem cells as neuronal precursors
also extends well beyond technical
concerns related to specific experimen-
tal approaches. The first key issue is the
presumed long-term self-renewal pro-
posed for adult stem cells, an idea that is
deeply rooted in stem cell biology. The
National Institutes of Health (NIH) Stem
Cell Basics site states, ‘‘The adult stem
cell can renew itself and can differ-
entiate to yield some or all of the major
specialized cell types of the tissue or
organ.’’ (http://stemcells.nih.gov/info/
basics/pages/basics4.aspx). While self-
renewing divisions of adult neural stem
cells have been documented in the
nervous system [69], there is no evi-
dence for long-term self-renewal of
neural stem cells in vivo. Rather, this
idea was adopted from work showing
self-renewal and multi-potentiality of
stem cells in culture [70]. Thus, self-
renewal tends to dominate our thinking.
As a result, experiments are not testing
for potential sources of neural stem cells
outside the nervous system, because
prevailing thought suggests that the
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The idea that cells might naturally
transdifferentiate from one germ cell
lineage to produce cells in an organ
generated by another germ layer also is
hotly debated. It is known that cells can
be ‘‘reprogrammed’’ in culture and
induced to transdifferentiate (e.g. [65]),
but whether this is also a natural
physiological process is not yet clear.
The 19th century biologists who studied
the three germ layers and their line-
ages [71, 72] described relationships
among different tissue types and their
tendencies towards discrete and sepa-
rate lineages within each germ layer.
The perceived boundaries between
these layersmay be purely hypothetical,
and transdetermination and/or trans-
differentiation may indeed be natural
processes. In vertebrates, the initial
induction of neural ectoderm by meso-
dermal cells of the notochord suggests
an early and intense relationship
between these two tissues. In this light,
the possibility that the immune system
may provide neural precursors under-
lying adult neurogenesis could be
viewed as an extension of this close
relationship. The importance and com-
plexities of interactions between the
immune and nervous systems are
underscored by the advent of ‘‘neuro-
immunology,’’ a rapidly expanding field
that has spawned an international





Studiesusing rodent diseasemodels have
shown that adult neurogenesis is altered
inanumberofpsychiatric, cancerousand
neurodegenerative diseases [70]. Three
primary effects on adult neurogenesis
have been associated with these disor-
ders: a reduction in neurogenesis due to
decreased neural stem cell activity or
survival of newborn cells, over-produc-
tion of neurons, or abnormal differentia-
tion and faulty integration of the new
neurons [7]. Although faulty neurogene-
sis in the adult brain has been implicated
in several diseases, clinical depression
and epilepsy have received the most
attention. Theories about adult neuro-
genesis and depression date back to
Jacobs et al. [73] who proposed that
‘‘…the waxing and waning of adult
neurogenesis in the hippocampal for-
mation are important causal factors,
respectively, in the precipitation of,
and recovery from, episodes of clinical
depression.’’ This theory was based on
the finding that fluoxetine and other
antidepressants enhance neurogenesis,
and that stressors associated with the
onset of clinical depression often reduce
neurogenesis. In further support, it was
proposed that the maturation time for
new neurons might account for the
delayed effectiveness of fluoxetine.
However, it has now been shown that
the delay in efficacy is most likely
associated with gradual effects on sero-
tonin transporter turnover in raphe
neurons and the acquisition of seroto-
nergic properties by neurons in the
locus coeruleus [74]. Nevertheless, it is
clear that the effectiveness of some
antidepressants depends upon ongoing
neurogenesis [75], although this is
not universally true [76]. It has been
proposed that hippocampal neurogene-
sis may be important as a buffer for the
stress response, via hippocampal regu-
lation of the hypothalamic-pituitary-
adrenal pathway [77].While it is unlikely
that alterations in adult neurogenesis
alone cause major depression, newborn
neurons are nevertheless viewed as an
important therapeutic target [78].
Equally compelling are the changes in
hippocampal adult neurogenesis asso-
ciated with epilepsy, in which an over-
production of neurons and faulty
maturation and migration have been
documented [79–85]. Genetic studies
also suggest that changes in adult
neurogenesis are sufficient to induce
epileptic activity [86].
Thedominanthypothesis concerning
the genesis of primary brain cancers is
also pertinent to this discussion, as a
compelling amount of literature now
suggests that neural stem cells are the
founder cells that initiate tumor forma-
tion [87, 88]. Brain tumor-derived stem
cells share several propertieswith neural
stem cells, expressing markers typical of
neural stem cells found in neurogenic
regions [88], and also share cell surface
markers with hematopoietic lineage
cells [89]. Thus, stem cells involved in
adult neurogenesis are implicated in
tumorigenesis in the brain.
There are many unanswered ques-
tions about the role of stem cells and
adult neurogenesis in disease mecha-
nisms, as well as the relationship
between bone marrow and brain. Never-
theless, many beneficial clinical thera-
pies are based on an infusion of bone
marrow, without a complete under-
standing of why these treatments are
helpful. For example, following adop-
tive transfer of human mesenchymal
stem cells, rats show remarkable recov-
ery from stroke [67]. In addition, for
boys with cerebral X-linked adrenoleu-
kodystrophy (ALD), a bone marrow or
cord blood transplant early in the
course of the disease can stop the
progression of the disease [90]. Like-
wise, bone marrow-derived mesenchy-
mal stem cell therapies hold promise for
treatment of Parkinson’s disease and
multiple system atrophy (MSA), both
neurodegenerative disorders [91]. It is
generally thought that the trophic
influences of bone marrow cells account
for many of the clinical benefits of these
transplants [67, 68], but a direct con-
tribution of stem cells derived from bone
marrow has not been ruled out.
The critical questions moving for-
ward will challenge our technical skills
and our receptiveness to new ideas. Do
adult neural stem cells undergo long-
term self-renewal in vivo? If neural stem
cells must be replenished, what is the
source of new stem cells – an existing
storage depot in the brain, or sources
extrinsic to the brain? Can mesenchymal
stem cells cross the blood brain barrier in
healthy, untreated mammals? Alterna-
tively, might the immune system in
mammals replenish existing neural stem
cells in the brain, during periods when
the BBB is compromised by disease? Is
transdifferentiation a natural process
involved in adult neurogenesis in mam-
mals? Do neural stem cell niches provide
an environment for nurturing long-lived
stemcells, as currently thought, or rather
a placewhere pluripotent stem cells may
transform into 1st-generation neuronal
precursors?
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Following the initial report of adult
neurogenesis in rats [92], it took decades
of debate and study before the general
applicability of these findings was
understood. Today, we know that life-
long neurogenesis in at least some brain
regions is more the rule than the
exception. Therapies and cures for
many diseases depend upon our under-
standing of stem cells, their capacity for
self-renewal in vivo, their potencies,
and their ability to access the brain.
Perhaps most important of all in terms
of the clinical picture is to resolve
whether the immune system can pro-
vide neural stem cells that generate
adult-born neurons. Even if such a
mechanism were just part of the story,
perhaps active only during brain dis-
ease or injury when the BBB is compro-
mised, the demonstration of a direct
connection between these systems
would provide a new avenue for ther-
apeutic development, for understand-
ing disease mechanisms, and for
discovering cures. Considering the high
degree of evolutionary conservation of
neural mechanisms, the recent findings
in crayfish send a strong message that
existing data from rodents and humans
should be reconsidered. Further, there
is an urgent need for new experiments
that directly test the contributions of the
immune system to adult neurogenesis
in mammals.
The authors have declared no conflict of
interest.
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